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Abstract 

Chronic lymphocytic leukaemia (CLL) is a haematologic malignancy of B cells that shows a 

highly heterogeneous clinical course, with approximately 90% of patient CLL samples being 

wild type for the TP53 tumour suppressor gene at diagnosis. CLL accounts for approximately 

1000 deaths annually in the United Kingdom alone, highlighting the need to unravel the 

molecular mechanisms that could be used to produce more effective treatment options. Since 

TP53 disruption by either mutation and/or deletion occurs in only 10-15% of CLL cases, 

targeting MDM2 to activate TP53 in a non-genotoxic manner is a potential treatment strategy 

for wild type TP53 CLL. In this study, the combination of WIP1 inhibitor (GSK2830371) with 

RG7388 was investigated to potentiate the stabilization and pro-apoptotic effects of wild type 

TP53 at lower concentrations. The potential effect of the microenvironment on the response to 

MDM2 and WIP1 inhibitors was modelled ex-vivo, including the stimulation of CLL cells with 

CD40 ligand (CD40L), IL-4 and B cell receptor (BCR) signalling with anti-IgM treatment. The 

results identified that WIP1 inhibitor potentiated the effect of the MDM2-p53 binding 

antagonist (RG7388) in wild type TP53 haematological cell lines and non-proliferative CLL 

cells. The stabilization activity of TP53 was confirmed by the induction of downstream target 

genes. Furthermore, ex-vivo combined CD40L/IL-4 stimulation showed the proliferative CLL 

cells became more sensitive to RG7388 as a single agent treatment. The WIP1 inhibitor 

potentiated the effect of RG7388 and increased the expression of TP53 dependent pro-apoptotic 

genes. 

Both immobilized anti-IgM antibody and IL-4 signalling induced proliferation and cell survival 

signals, which was associated with the ex-vivo primary CLL cells becoming less sensitive to 

RG7388, and under these conditions the combination with WIP1 inhibitor also did not 

significantly potentiate the TP53 stabilization by RG7388. However, in the presence of IL-4 the 

expression of TP53 downstream target genes showed a transcriptional induction of the TP53-

dependent pro-apoptotic gene (PUMA) and negative regulator of TP53 (MDM2). 

In summary, the WIP1 inhibitor (GSK2830371) significantly potentiated the effect of non-

genotoxic small molecule MDM2 inhibitor (RG7388) in functional TP53 CLL cells.  Modelling 

the ex-vivo microenvironment with CD40L, IL-4 and BCR activation with anti-IgM antibody 

was found to reduce the sensitivity of the CLL cells to both single agent RG7388 and when in 

combination with GSK2830371. This highlighting the importance of the in-vivo 

microenvironment and the need to develop combination strategies that overcome its limiting 

effect on the response to p53-dependent therapies. 
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1.1 Chronic Lymphocytic Leukaemia  

 Definition and epidemiology  

Chronic lymphocytic leukaemia (CLL) is the most common type of lymphoid cancer in 

Western countries, comprising 25% of all leukaemia cases. The incidence of CLL is 4.2 cases 

per 100,000 people per year, and it is more common in men than in women (Stevenson & 

Caligaris-Cappio, 2004), with a male to female ratio of 1.3:1 to 1.7:1. CLL is typically 

diagnosed in adults, with a median age at diagnosis of 72 years (Siegel et al., 2023). The 

incidence of the disease is increased by more than 30 cases in 100,000 individuals per year in 

those aged over 80 years old. However, CLL can be diagnosed in rare cases among children 

and younger generation (Smith et al., 2011; Hernández et al., 1995). CLL patients may 

express an inherited genetic susceptibility, with family members of CLL patients having 6 to 9 

fold increased risk of developing the disease (Eichhorst et al., 2015). To understand the 

genetic basis of susceptibility for CLL, genome-wide association studies have been 

conducted, revealing the presence of independent single-nucleotide polymorphisms (SNPs) 

located in various genomic loci. Notably, these SNPs have been identified in 2q21.2 (CXCR4) 

(Sellick et al., 2007). 10q23.31 (ACTA2, FAS), 18q21.33 (BCL2), 11p15.5 (C11orf21), 4q25 

(LEF1), 2q33.1 (CASP10, CASP8), 9p21.3 (CDKN2B-AS1), 18q21.32 (PMAIP1), 15q15.1 

(BMF), and 2p22.2 (QPCT) (Berndt et al., 2013). 

 

 Staging  

Two widely accepted staging methods are available to predict the median survival rate to 

diagnose the CLL patients, as proposed by Rai and Binet classifications. (Rai et al., 1975; 

Binet et al., 1981). The original Rai classification has since been modified to reduce the 

number of prognostic groups from five to three. Both the Binet and Rai staging systems 

categorize patients into three major groups based on discrete clinical outcomes (Hallek et al., 

2008). While the Binet staging system is more widely used in Europe, the Rai system is more 

commonly applied in the United States (Eichhorst et al., 2015). Importantly, these staging 

systems rely on a physical examination and standard laboratory tests and do not require the 

use of ultrasound, computed tomography (CT), or magnetic resonance imaging (MRI) 

(Hallek, Shanafelt, et al., 2018). 

The modified Rai staging system divides CLL into three categories based on the level of risk: 

low, intermediate, and high. These categories correspond to stages 0, I and II, and III and IV, 

https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwiK_Na12cHdAhUpCsAKHWGrA_YQFjAAegQIChAB&url=https%3A%2F%2Fwww.nhs.uk%2Fconditions%2Fchronic-lymphocytic-leukaemia%2F&usg=AOvVaw0zcp-YvHu3ngT_bsU-FF8I
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respectively  (Rai et al., 1975). Low-risk disease is characterized by lymphocytosis with 

leukaemia cells in the blood and/or bone marrow, where lymphoid cells make up more than 

30% of the total cells (previously known as Rai stage 0) (lymphocytosis >15×109/L). 

Intermediate-risk disease is defined by the presence of lymphocytosis, lymphadenopathy in 

any location, and splenomegaly and/or hepatomegaly with or without palpable lymph nodes 

(previously known as Rai stage I or stage II). High-risk disease includes patients with CLL-

related anaemia (haemoglobin <11 g/dL; previously known as stage III) or thrombocytopenia 

(platelet count <100 × 109/L; formerly known as stage IV) (Hallek et al., 2008).  

The median survival times for the three categories are as follows: 10 years for low-risk (Rai 

0), 8 years for intermediate-risk (Rai I and II), and 6.5 years for high-risk (Rai III and IV) 

(Pflug et al., 2014).  

The Binet staging system classified the CLL based on the number of areas involved, which 

are determined by the presence of enlarged lymph nodes with a diameter of greater than 1 cm, 

as well as the presence of organomegaly, anaemia, or thrombocytopenia. The areas of 

involvement considered include the head and neck, axillae, groins, palpable spleen, and 

palpable liver. This system recommends three stages as follows (Binet et al., 1981). 

Stage A: 

• No anaemia: haemoglobin ≥10 g/dl  

• No thrombocytopenia: platelets ≥100 × 109/L  

• Less than three areas of lymphoid tissue enlargement involvement  

Stage B: three or more areas of involvement 

• No anaemia: haemoglobin ≥10 g/dl  

• No thrombocytopenia: platelets ≥100 × 109/L  

• Three or more areas of lymphoid tissue enlargement involvement at which should be 

greater than arras defined for stage A (Organomegaly)  

Stage C:  

• Anaemia: haemoglobin <10 g/dl, and/or 

• Thrombocytopenia: platelets <100 × 109/L  
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• Any number of areas of lymphoid tissue enlargement with or without 

lymphadenopathy or organomegaly 

The Binet staging system is commonly used in Europe and provides useful prognostic 

information, with stage C having the worst prognosis, followed by stage B and then stage A 

(Hallek et al., 2008). 

Prior to the development of the Rai/Binet staging systems in the mid-1970s, there were no 

reliable criteria that could prospectively identify and diagnose CLL patients with poor 

prognosis and shorter survival from those with excellent overall prognose. The classification 

of Rai/Binet staging systems resolved this complexity and established the fundamental 

cornerstone in diagnosis and management of CLL for almost four decades. However, 

identifying mutations and abnormal cytogenetic patterns in CLL patients has revealed the 

limitations in the precision of Rai/Binet classification. Several studies were conducted on 

large-scale of CLL patients to identify the mutations and abnormal cytogenetic patterns and 

revealed that the Rai/Binet staging systems may not accurately distinguish between 

prognostic subgroups of CLL patients, and their capacity to predict outcomes for individual 

patients is limited (Bazargan et al., 2012; Sellner et al., 2012; Rossi et al., 2013).  

Furthermore, numerous novel genetic drivers have been identified in CLL through mutational 

and aberrant chromosomal studies (Landau et al., 2013; Rossi et al., 2014; Y. Wan & Wu, 

2013). These genetic aberrations are now recognized as being crucial to the diverse biological 

and clinical phenotypes observed in CLL (Döhner et al., 2000).  

As a result of lack of precision of Rai and Binet staging systems to distinguish between 

subgroups of CLL cells, various potential biomarkers have been developed to improve the 

accuracy of diagnosis, predict outcomes and guide therapeutic strategies (Pflug et al., 2014; 

Cramer & Hallek, 2011). 

These independent prognostic factors include cytogenetic abnormalities such as 17p deletion, 

11q deletion, 13q deletion and trisomy 12, as well as mutations in genes such as TP53, 

NOTCH1, SF3B1, and BIRC3. Other factors that have been associated with poorer prognosis 

include unmutated immunoglobulin heavy chain variable (IGHV) genes, high serum beta-2 

microglobulin (sβ2M) levels, elevated lactate dehydrogenase (LDH) levels, and the presence 

of certain cell surface markers such as CD38 and ZAP-70 (Cortese et al., 2013; Pflug et al., 

2014; Wierda et al., 2007).  

 



 

5 
 

 Diagnosis  

The initial step in diagnosing CLL involves a thorough medical history review and physical 

examination, followed by a complete blood count and differential white blood cell count 

(Verghese et al., 2011). To confirm the diagnosis of CLL, the presence of at least 5X109/L 

CD5+/CD23+ monoclonal B lymphocytes (5000 cells/µl) in peripheral blood for more than 

three months is required (Hallek, Cheson, et al., 2018). Additionally, the clonality of 

circulating B lymphocytes should be assessed by analysing the IGHV gene somatic 

hypermutation status, as CLL patients with unmutated IGHV have a more aggressive form of 

the disease (Hamblin et al., 1999). 

Characteristic features of CLL include the appearance of fragile lymphocytes, also known as 

"smudge cells," on a peripheral-blood smear (Figure 1.1). The percentage of these cells is an 

independent predictor of overall survival, with virtually all patients demonstrating some 

proportion of fragile lymphocytes ranging from 4 to 72% nuclei (Nowakowski et al., 2007). A 

higher percentage of smudge cells would favour the diagnosis of CLL. Morphological 

evaluation of a blood smear should show small mature lymphocytes with a narrow cytoplasm, 

a dense nucleus with partially aggregated chromatin, and the absence of visible nucleoli  

(Hallek et al., 2008; Hallek & Al-Sawaf, 2021). Overall, the diagnosis of CLL requires the 

combination of clinical, laboratory, and morphological criteria to confirm the presence of the 

disease. 

Following the identification of lymphocytosis from a complete blood count, the subsequent 

step is to determine the composition of the cells in the blood through immunophenotyping. 

The lymphocytes associated with CLL exhibit a characteristic profile that includes CD5+, 

CD19+, CD20+ low, CD23+, CD22+ low/negative, CD79b+ low/negative, CD43+ low, 

sIgκ+ or sIgλ+ low, sIgM+ low, CD11c+ low/negative, FMC7 negative, CD10 negative, and 

CD103 negative (Abdel-Ghafar et al., 2012; Rodrigues et al., 2016).  

The routine diagnosis of CLL does not involve bone marrow biopsy and aspiration. However, 

this procedure may be considered for patients who are undergoing clinical trials or those who 

have persistent cytopenia after treatment, to distinguish between leukemic infiltration and 

therapy-related toxicity. Imaging techniques such as ultrasound, computed tomography, 

magnetic resonance imaging, and positron emission tomography-CT (PET-CT) scanning are 

not typically recommended for routine CLL diagnosis or staging (Rodrigues et al., 2016). 
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Figure 1.1 Blood smears of CLL patient. A microscopic evaluation of a peripheral blood smear, stained with 

Wright-Giemsa, may reveal the presence of "smudge cells", which are fragile lymphocytes with poorly defined, 

"crushed" cytoplasm and no distinguishable nuclei. An example of a smudge cell is indicated by a thin arrow. 

Typical CLL cells showed less than 10% prolymphocytes (wide arrows). (American Society of Hematology, 

2023). 

 

The most recent version of the International Workshop on Chronic Lymphocytic Leukaemia 

(iwCLL) guidelines (Hallek, Cheson, et al., 2018) provides clear recommendations on CLL 

diagnosis. The diagnosis of CLL is typically made through analysing blood counts, 

differential counts, a blood smear, and immunophenotyping. The World Health Organization's 

classification of hematopoietic neoplasia distinguishes CLL from small lymphocytic 

lymphoma (SLL) based on its leukemic appearance (Hallek et al., 2008). CLL is a disease that 

involves neoplastic B-cells, whereas T cell prolymphocytic leukaemia (T PLL) describes the 

entity formerly known as T CLL. 

Monoclonal B lymphocytosis (MBL) (Hallek, Cheson, et al., 2018) is diagnosed whenever the 

B lymphocytes count is less than 5,000 cells/μL of total blood cells, and there is an absence of 

lymphadenopathy or organomegaly as defined by physical examination or CT scans, 

cytopenia or disease-related symptoms. However, the presence of a cytopenia caused by a 

typical marrow infiltrate is diagnostic of CLL, regardless of the number of peripheral blood B 

lymphocytes or lymph node involvement. MBL is known to progress to CLL at a rate of 1-2% 
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per year. It is important to distinguish MBL from CLL as the latter may require active 

treatment, whereas MBL may be monitored without intervention (Rawstron et al., 2008). 

In SLL, the number of B lymphocytes should not exceed 5000 cells/μL of the total peripheral 

blood cell count in addition to the presence of lymphadenopathy and the absence of cytopenia 

caused by a clonal marrow infiltrate. Furthermore, histopathological examination of a lymph 

node biopsy should be performed the confirm the diagnosis of SLL. 

 

 Clinical prognostic markers 

1.1.4.1 IGHV status 

The determination of the mutational status of the immunoglobulin heavy chain variable region 

(IGHV) gene is a reliable prognostic factor in CLL (Damle et al., 1999). A DNA sequence that 

displays 98% or more homology to the germline IGVH sequence is considered unmutated. 

Unmutated IGHV is identified in approximately one-third of CLL cases and is linked with 

atypical morphology, aggressive disease, and significantly shorter survival rates than those 

with mutated IGHV (Figure 1.2) (Rai et al., 2001; Hamblin et al., 1999). However, the VH3-

21 gene segment is an exception to this rule, as it is associated with high-risk disease and 

poorer survival rates regardless of the mutational status (Thorsélius et al., 2006). The 

frequency of driver mutations in unmutated IGHV CLL is increased compared to mutated 

IGHV CLL (Landau et al., 2015). Despite that, the IGVH mutation analysis is not commonly 

performed in most of clinical laboratories because of its inherent limitations, which include 

the requirement for high-quality RNA for RT-PCR, a sufficient amount of CLL cells for 

accurate analysis, and its high cost. In addition to that IGVH mutation analysis is not 

recommended on the guide treatment decisions, especially for BTKi and venetoclax (Mato et 

al., 2016; Crombie & Davids, 2017; Stamatopoulos et al., 2017). 

The B-cell response to an antigen is controlled by the B cell receptor (BCR) in both normal 

and malignant B-cells. The B-cells exhibit unique BCRs based on a variable combination of 

V, D, and J gene segments for the heavy chain, and V and J gene segments for the light chain. 

This repertoire is significantly increased through the introduction of somatic hypermutation 

during the germinal centre reaction, or T cell-independent hypermutation outside of the 

germinal centre.  

In CLL cases, patients can be categorized based on the degree of somatic hypermutation, 

specifically those with mutated and unmutated IGHVs. This separation is based on an 
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arbitrary cut-off value that distinguishes sequence identities of 98% or greater from those that 

are less than 98%. Despite its arbitrary nature, these two groups have significantly different 

clinical courses. The IGHV mutation status is clinically relevant, as it predicts the risk of 

disease progression and outcome in untreated CLL patients. CLL patients with unmutated 

IGHV experience a rapid progression of the disease and early death, while those with mutated 

IGHV often have a slower progression and longer survival. The IGHV mutation status is of 

prognostic importance in all patient cohorts, including unselected patient cohorts, after 

treatment, and in early stage patients (Binet A). Clinical trial data confirms the impact of 

IGHV mutation on outcome. Although the IGHV status predicts the overall response rate and 

duration in CLL patients expressing this marker, there is little evidence for its use as a 

predictive marker in standard treatment regimens. 

 

 
Figure 1.2 (A) The prognostic significance of the IGHV mutation status in chronic lymphocytic leukaemia 

(CLL) patients. (B) genomic aberrations of 11q and 17p deletion in CLL. In a total of 123 CLL patients who 

expressed unmutated IGHV genes, those who had high-risk genomic aberrations (48 patients) had a considerably 

lower survival rate compared to the patients who didn't have deletion in del11q or del17p (75 patients) (Rai et 

al., 2001). 
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1.1.4.2 CD38 expression 

CD38 (cluster of differentiation 38) is a type II transmembrane glycoprotein that is present on 

the surface of various immune cells, including CD4+, CD8+, B lymphocytes, and natural 

killer cells (Hamblin, 2003). This protein serves as a multifunctional ecto-enzyme that is 

responsible for the synthesis and hydrolysis of cyclic ADP-ribose and the synthesis of 

Nicotinic acid adenine dinucleotide phosphate (NAADP). These reaction products play an 

important role in regulating intracellular calcium Ca2+ levels (Chini et al., 2002). CD38 is 

expressed on cells in a significant number of patients with CLL. Higher levels of CD38 

expression in CLL cells are associated with aggressive clinical behaviour (Dürig et al., 2002). 

Patients with a high percentage of CD38-expressing CLL cells have a less favourable clinical 

course, with more advanced disease stage and shorter survival times compared to patients 

who do not express CD38 (Ibrahim et al., 2001; Matrai, 2013). 

 

1.1.4.3 ZAP-70 expression 

Zeta-chain-associated protein kinase 70 (ZAP-70) expression was demonstrated to be an 

effective tool for identifying patients with CLL who have a more severe disease course. 

Consequently, it was a valuable molecular marker for clinical use in patients with CLL (Dürig 

et al., 2003). Given that the mutation analysis of (IGHV) status is often impractical for clinical 

laboratories, ZAP-70 mRNA expression can be utilized as a predictive marker for IGHV 

status. By determining an optimal threshold for ZAP-70 expression, the majority of IGHV-

unmutated CLL samples can be distinguished from IGHV -mutated CLL samples (Wiestner et 

al., 2003). However, ZAP70 is not widely used as a prognostic marker due to technical 

challenges including standardisation of flow cytometry quantification (Wang et al., 2012). 

 

1.1.4.4 Cytogenetic abnormalities 

CLL is a heterogeneous disease and cytogenetic abnormalities are known to play a significant 

role in its pathogenesis and progression. In fact, chromosomal abnormalities can be detected 

in up to 80% of CLL cases using interphase fluorescence in situ hybridization (FISH) 

analysis. 

Interphase FISH is a technique that uses fluorescent probes to detect specific DNA sequences 

in cells undergoing interphase (the stage between mitotic divisions). By analysing the pattern 

of fluorescence signals, researchers can identify chromosomal abnormalities, such as 

deletions, duplications, and translocations, which are common in CLL (Döhner et al., 2000). 
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Some of the most common cytogenetic abnormalities found in CLL include deletion of the 

long arm of chromosome 13 (del[13q]), deletion of the short arm of chromosome 17 

(del[17p]), and deletion of the long arm of chromosome 11 (del[11q]). These abnormalities 

are associated with different prognostic outcomes, with del(17p) being associated with a 

significantly poorer prognosis compared to del(13q) or normal cytogenetics (Juliusson et al., 

1990; Shanafelt, Hanson, et al., 2008). 

 

1.1.4.4.1 11q23 deletion 

The deletion of the long arm of chromosome 11 (11q) is a chromosomal abnormality that is 

detected in 5-20% of patients diagnosed with CLL (Marasca et al., 2013; Döhner et al., 2000) 

and CLL patients who exhibit deletions in the 11q23 region tend to experience a more rapid 

disease progression and extensive lymphadenopathy (Grever et al., 2007). It is important to 

consider the presence of 11q deletions in the diagnosis and treatment of CLL, as it has 

significant implications for disease prognosis and management. 

The ATM (ataxia-telangiectasia mutated) gene is located on 11q22-q23 within the minimal 

region of loss. The main function of ATM is to manage the maintenance of DNA repair and 

recombination, as well as to control the progress of the cell cycle (Negrini et al., 2010). Cells 

with ATM deficiency are unable to identify and repair DNA damage, which can lead to a 

higher risk of lymphoid cancers (Lavin, 2008).  

One of the main functions of ATM in cells is to phosphorylate the serine-15 residue on p53 in 

response to DNA damage (Banin et al., 1998). The ATM gene mutations are detected in less 

than third of CLL patients with deletion 11q, suggesting that other genes may be involved in 

the pathogenesis of CLL in patients with 11q deletions (Austen et al., 2005). 

 

1.1.4.4.2 17p13 deletion 

Upon initial diagnosis, approximately 3–8% of CLL patients are diagnosed with a deletion in 

the short arm of chromosome 17 (del 17p) (Delgado et al., 2012). However, the prevalence of 

the del(17p) chromosomal abnormality among CLL patients was increased to 30% with 

relapsed or refractory disease (Stilgenbauer & Zenz, 2010; Campo et al., 2018). CLL patients 

with a 17p deletion express very poor prognosis due to their refractoriness to conventional 

therapy (Greipp et al., 2013; Buccheri et al., 2018). 
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CLL patients with del(17p) are classified at the highest risk prognostic group due to their 

shortest overall survival (OS) and progression-free survival (PFS). The, TP53 gene is located 

on band 13 of the short arm of chromosome 17 (17p13), while TP53 mutations can arise in 5-

10% of cases even in the absence of (del[17p]) (Zenz et al., 2008; Puente et al., 2015; Nadeu 

et al., 2016) and more than 80% of CLL cases express (del[17p]) in combination with TP53 

mutation on the other allele (Figure 1.3) (Zenz et al., 2008). 

 

 
Figure 1.3 Prognostic significance of TP53 mutations and/or del(17p) in CLL. The plot comparing CLL 

patients with mutated and unmutated TP53(-/+) gene del(17p). The presence of a TP53 mutation and loss of the 

other TP53 allele via del(17p) predicts the worst prognosis (Zenz et al., 2008). 

 

1.1.4.4.3 13q14 deletion 

Deletion of the long arm of chromosome 13 at cytoband 13q14 is most common genetic 

abnormality in CLL patients (Ouillette et al., 2008; Parker et al., 2011). Identification of 

deletion 13q14 subtype aberrations play a prognostic role the CLL management. 

Approximately 20% of CLL patients were found to exhibit large deletions (type II) of the 

13q14 region that encompass the RB1 gene, which were linked to reduced survival rates 

(Ouillette et al., 2011). The microRNAs miR-15a and miR-16-1 were considered as potential 

genes that may be involved in CLL, as they located on the region lost by 13q14 deletions. 
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These microRNAs, miR-15a and miR-16-1, have the ability to decrease the levels of the anti-

apoptotic proteins BCL-2 and MCL-1, thereby promoting cell death. A decrease or loss of 

these microRNAs may contribute to the development of CLL (Cimmino et al., 2005; U. Klein 

et al., 2010). 

 

 Treatment of CLL 

The requirement for treatment in CLL is determined by the stage of the disease and the 

prognosis. In the early stages (Binet A-B, Rai 0-II), patients are generally monitored without 

intervention until treatment becomes necessary. Although there have been significant 

advances in long-term survival through CLL treatment with combination chemotherapy and 

chemo-immunotherapy, standard therapy is not currently regarded as curative, and allogeneic 

stem cell transplantation (allo-SCT) is the only potential cure. However, the interesting role of 

SCT is linked with high morbidity and mortality rates and is therefore only recommended for 

younger patients with high-risk CLL. Thus, examining further biomarkers such as IGHV 

mutational status and other cytogenetic abnormalities to identify patients suitable for allo-SCT 

to achieve complete remission (CR). Currently, treatments with novel agents are being more 

frequently used in combination and at earlier stages of the disease. Although, it is uncertain 

yet whether these agents could substitute the allo-SCT or they are postponing the need for 

allo-SCT until the disease has progressed further. Unless new agents are introduced, it's 

probable that allo-SCT will remain relevant for patients who do not respond to treatment, 

experience intolerance to treatment, or lack the opportunity to use these novel agents 

(Gribben, 2018). There are a variety of treatment options available, including the following. 

 

1.1.5.1 Chemotherapy 

Chlorambucil, also known by its generic name Leukeran or Chlorbutin, is an alkylating 

agent that has been used since the 1950s in the treatment of CLL. Chlorambucil achieves its 

therapeutic effect by interfering with DNA replication (due to the formation of interstrand 

cross links) and transcription of RNA, leading to a disruption of nucleic acid function. This 

damage to DNA triggers cell cycle arrest and cellular apoptosis via the accumulation of p53 

and MDM2, ultimately resulting in the activation of BCL-2-associated X protein (BAX), 

which promotes apoptosis. In patients with wild type TP53, chlorambucil-induced cell death 

occurs through a p53-dependent pathway (Begleiter et al., 1996). 
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A large randomized phase III trial compared the efficacy of chlorambucil alone versus 

chlorambucil in combination with the monoclonal antibody obinutuzumab among naïve 

untreated CLL patients with other comorbidities. The combination therapy showed a 

significant improvement in progression-free survival and overall survival compared to 

chlorambucil alone (Goede et al., 2014). 

As a first-line treatment, chlorambucil has been shown to achieve an overall response rate of 

60–90%, with a complete response rate of up to 20% in all patients (Eichhorst et al., 2009; 

Jaksic et al., 1997; Vidal et al., 2016). However, chlorambucil is now mostly used for patients 

with comorbidities who cannot tolerate chem-immunotherapy and targeted agents. 

 

Fludarabine, also known by its commercial name Fludara, is a purine nucleoside analogue 

whose mechanism of action involves inhibition of DNA synthesis by interfering with 

ribonucleotide reductase and DNA polymerase, resulting in apoptotic death in patients with 

CLL (Pettitt, 2003; Robertson et al., 1993). Fludarabine demonstrated superior efficacy in 

response rates and longer progression-free survival compared to chlorambucil in CLL patients 

who have not received prior treatment (Rai et al., 2000; Catovsky et al., 2007). 

Fludarabine is most often used in combination with cyclophosphamide and rituximab (FCR) 

as a first-line treatment option for young and fit CLL patients (Fischer et al., 2016; Kutsch et 

al., 2017). The FCR regimen showed superior efficacy compared to fludarabine alone, with 

higher overall response rates and longer progression-free and overall survival (Hallek et al., 

2010). However, the FCR regimen is associated with higher rates of myelosuppression and 

infectious complications (Hallek & Al-Sawaf, 2021). In addition, this treatment option is 

limited by its side effects and reduced activity in patients with certain genetic risk factors such 

as TP53 mutation, del(17p), del(11q), NOTCH1 mutation, and unmutated IGHV status 

(Stilgenbauer et al., 2014).  

 

1.1.5.2 Immunotherapy 

 

CD20 is a cell surface molecule expressed exclusively on B cells, and it is thought to play a 

key role in regulating the activation, proliferation, differentiation, and function of these cells 

(Tedder & Engel, 1994). Targeting CD20 with rituximab is an important therapeutic approach 

in the treatment of CLL. While standard-dose rituximab has shown moderate clinical activity 
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in CLL (Schulz et al., 2002) its effectiveness is limited by the low expression of CD20 on 

leukemic cells (Almasri et al., 1992). However, higher doses of rituximab alone have been 

shown to improve the response rate (O’Brien et al., 2001). Its most important use is in 

combination with fludarabine and cyclophosphamide (FCR) as described above (Schulz et al., 

2002; Tam et al., 2008). 

 

1.1.5.3 Novel antibodies 

 

Ofatumumab, commercially known as arzerra, a fully humanised monoclonal antibody to 

CD20, was granted approval for the treatment of CLL in 2010. It targets a unique epitope on 

the CD20 molecule, which is composed of both the large and small loops (Teeling et al., 

2006).  

A Phase II trial demonstrated significant activity and a favourable safety profile for 

ofatumumab as a single agent, providing clinical improvements in poor-risk patients with 

heavily pre-treated fludarabine- and alemtuzumab-refractory CLL (Wierda et al., 2010). In 

another Phase II study, ofatumumab was confirmed as a well-tolerated and effective 

therapeutic approach for treating previously untreated older patients with CLL (Vitale et al., 

2020). However, a recent Phase II trial of idelalisib, a phosphatidylinositol-3-kinase δ (PI3Kδ) 

inhibitor, plus ofatumumab in CLL showed an unacceptable safety profile in the first-line 

setting, resulting in a short PFS despite a high overall response rate (ORR) (Lampson et al., 

2019). 

A phase III study compared ofatumumab with chlorambucil among untreated CLL patients 

who were not candidates for fludarabine-based therapy. The study showed that ofatumumab 

significantly improved progression free survival compared to chlorambucil alone (median 

PFS of 22.4 months vs. 13.1 months, HR 0.57 respectively) (Hillmen et al., 2015). The most 

common adverse events associated with the combination therapy were infusion-related 

reactions, neutropenia, and thrombocytopenia. Several Phase II and III clinical trials are 

currently evaluating ofatumumab for CLL. 

 

Obinutuzumab (known by its commercial name as Gazyva/Gazyvaro) is a type II humanized 

monoclonal antibody targeting CD20, which has been approved for the treatment of CLL 

either in combination with chemotherapy or chemotherapy-free treatment. In comparison to 
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the other two anti-CD20 monoclonal antibodies rituximab and ofatumumab, obinutuzumab 

induces significantly larger amounts of cell death both ex-vivo by binding to CD20 on B cells 

and causing lysosomal-mediated cell death. Obinutuzumab has an increased antibody-

dependent cellular cytotoxicity and direct-cell death, but no complement dependent 

cytotoxicity compared to rituximab  (Davies et al., 2022; Gagez & Cartron, 2014). 

A phase III study compared obinutuzumab plus chlorambucil to chlorambucil alone among 

untreated CLL patients with comorbidities. The obinutuzumab combination demonstrated a 

longer progression-free survival, higher overall response rate, and higher complete response 

rate. Adverse events were more common in the obinutuzumab group, including infusion-

related reactions, neutropenia, and thrombocytopenia (Goede et al., 2014). 

Obinutuzumab has also been evaluated in combination with other agents in CLL. In a phase 

Ib/II study, obinutuzumab was combined with venetoclax in CLL patients who had received at 

least one prior therapy. The combination therapy demonstrated an overall response rate of 

77%, with a complete response rate of 21%. The most common adverse events were 

neutropenia and infusion-related reactions (Cramer et al., 2022; Fischer et al., 2019; Tausch et 

al., 2020). 

In a large-scale phase III study conducted in previously untreated CLL patients, 

obinutuzumab combined with chlorambucil was superior to rituximab combined with 

chlorambucil in terms of complete response rates and PFS, with a median PFS of 26.7 months 

for obinutuzumab-chlorambucil and 16.3 months for rituximab-chlorambucil (HR 0.39) 

(Goede et al., 2014). Obinutuzumab in combination with chlorambucil has been approved for 

the first-line treatment of CLL patients with comorbidities making them unsuitable for full-

dose fludarabine-based therapy in the US since 2013 and in Europe since July 2014 (Goede et 

al., 2015). 

In January 2019, the US FDA approved ibrutinib (Imbruvica), a Bruton's tyrosine kinase 

(BTK) inhibitor, in combination with obinutuzumab for the treatment of previously untreated 

adult CLL patients, including those with high-risk disease. Ibrutinib plus obinutuzumab is the 

first chemotherapy-free, anti-CD20 combination regimen approved for CLL. At a median 

follow-up of 31.3 months, ibrutinib plus obinutuzumab significantly prolonged PFS compared 

to chlorambucil plus obinutuzumab, with a 77% reduction in risk of progression or death 

(iLLUMINATE clinical trial) (Moreno et al., 2019). 
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Alemtuzumab, also known by its generic name Campath, is a monoclonal antibody that 

targets the CD52 antigen, a protein present on the surface of mature lymphocytes, but not on 

their stem cells (Alinari et al., 2007; Faderl et al., 2005; Frampton & Wagstaff, 2003; 

Tembhare et al., 2013). It was used as second line therapy for CLL. A combination of 

fludarabine and alemtuzumab has been shown to provide better progression-free survival 

(median PFS, 23.7 months vs. 16.5 months, HR 0.61) and overall survival (median not 

reached vs. 52.9 months) in relapsed or refractory CLL patients compared to fludarabine 

monotherapy (Elter et al., 2011). Although, initial studies did not demonstrate improved 

survival in high-risk CLL patients treated with alemtuzumab (Jones et al., 2013). Subsequent 

studies found that the combination of alemtuzumab and fludarabine had a manageable safety 

profile and provided benefits to patients with an adverse biological profile (Mauro et al., 

2014).  

 

1.1.5.4 BCR signalling inhibitors  

 

Ibrutinib (originally known as PCI-32765 and commercially as Imbruvica) is a highly potent 

and specific small molecule inhibitor that binds irreversibly to Bruton's tyrosine kinase 

(BTK), which is essential for BCR signalling (Satterthwaite & Witte, 2000). BTK is critical 

for the survival of leukemic cells in various B-cell malignancies, including CLL (Tsukada et 

al., 1993; Craxton et al., 1999). Both in-vitro and in-vivo assays showed that PCI-32765 

induced cytotoxicity (Pan et al., 2007). Preclinical studies demonstrated that targeting BTK 

with PCI-32765 inhibited the proliferation of CLL cells in-vitro and in-vivo and effectively 

blocks survival signals provided externally to CLL cells (Herman et al., 2011; Ponader et al., 

2012). 

In February 2014, the FDA granted accelerated approval for ibrutinib as a breakthrough 

therapy for patients with CLL who had undergone at least one prior therapy, based on the 

positive results from the phase II trial (Byrd et al., 2013). The subsequent phase III trial, 

RESONATE, showed that ibrutinib was significantly more effective than ofatumumab in 

improving overall response rates (ORR) in patients with relapsed/refractory CLL, including 

those with high risk chromosome (del[17p]) 13.1 deletion and resistance to 

chemoimmunotherapy (Byrd et al., 2014). Additionally, ibrutinib as a single agent 

demonstrated superiority over chlorambucil in initial therapy for patients with CLL or SLL in 

the RESONATE-2 trial (Burger et al., 2015). Further studies provided additional evidence 
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and updated long-term safety and efficacy results for the use of ibrutinib in difficult subsets of 

CLL and SLL patients (O’Brien et al., 2016; Byrd et al., 2019). 

Due to its significant efficacy, ibrutinib has become a preferred treatment option (Byrd et al., 

2021; Y. Khan & O’Brien, 2019) over others like FCR, idelalisib plus rituximab or 

bendamustine plus rituximab for relapsed/refractory CLL (Wendtner, 2019). However, 

despite its effectiveness, there is still a need for alternative treatment options for the small 

proportion of patients who relapse during ibrutinib therapy due to mutations in BTK (Woyach 

et al., 2014). As a result, ongoing clinical trials are evaluating ibrutinib in patients with CLL 

and ibrutinib resistance mutations. Although, ibrutinib and recently acalabrutinib and 

zanubrutinib are the FDA approved BTK inhibitors for CLL treatment (Brown et al., 2023; 

Byrd, Hillmen, et al., 2021), other BTK inhibitors, such as tirabrutinib (ONO- 4059) and CC-

292 are currently being developed and are expected to become available for clinical use in the 

near future  (Brown et al., 2016; Wu et al., 2017; Tam et al., 2015). 

 

Acalabrutinib (ACP-196, marketed as Calquence) is a potent selective second-generation 

BTK inhibitor that irreversibly binds to the protein. Compared to ibrutinib, acalabrutinib has 

shown higher selectivity and inhibition of BTK activity, making it a promising compound in 

this class of inhibitors (Harrington et al., 2015; Wu et al., 2017). Preclinical studies in mouse 

models of CLL demonstrated significant reduction in tumour burden and increased survival, 

indicating its potent on-target effects and efficacy (Herman et al., 2017). In a phase I/II study, 

acalabrutinib demonstrated impressive clinical activity in relapsed CLL patients, including 

those with del(17p), with an ORR of 95% at a median follow-up of 14.3 months, while the 

ORR was 100% among patients with del(17p) (Byrd, Woyach, et al., 2021). 

In a Phase II study, acalabrutinib was combined with obinutuzumab, in patients with 

previously untreated CLL. The combination therapy demonstrated an overall response rate of 

93%, with 87% of patients achieving a partial response and 6% achieving a complete 

response. The most common adverse events were infusion-related reactions, headache, and 

diarrhoea.(Sharman et al., 2020). 

Another Phase II study evaluated the combination of acalabrutinib with venetoclax, a BCL2 

inhibitor, in patients with relapsed/refractory CLL. The combination therapy demonstrated an 

overall response rate of 95%, with 79% of patients achieving a complete response. The most 

common adverse events were neutropenia, diarrhoea, and upper respiratory tract infection 

(Byrd et al., 2013). Currently, a phase III trial is underway to compare acalabrutinib (ACP-
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196) and ibrutinib in high-risk CLL patients who have been previously treated (NCT 

02477696). 

 

Idelalisib, previously known as GS-1101 and CAL-101, and currently marketed as Zydelig, is 

a small molecule inhibitor of phosphatidylinositol 3-kinase-δ (PI3Kδ), an enzyme presents in 

normal lymphoid cells (Lucas et al., 2014; Okkenhaug & Vanhaesebroeck, 2003) as well as in 

malignant B cells, including CLL (Brown et al., 2016) . Among different PI3K isoforms, the 

delta isoform of the p110 catalytic subunit of (PI3Kδ) acts as predominant mediator for PI3K 

highly expressed in white blood cells (WBC) for B cell function signals (Takeda et al., 2019; 

Thian et al., 2020). Idelalisib induces caspase-dependent cytotoxicity in primary CLL cells, 

irrespective of the commonly used prognostic markers, such as del(17p) and IGVH status. It 

also impedes various signals that activate B cells, such as CD40 ligand (CD40L), TNF-α, and 

fibronectin (Brown et al., 2016). In addition, idelalisib has been demonstrated to enhance the 

sensitivity of CLL cells towards bendamustine, fludarabine, and dexamethasone in stromal 

cocultures (Hoellenriegel et al., 2011). 

After ibrutinib was approved, the use of idelalisib ± rituximab was included in the European 

Society for Medical Oncology (ESMO) clinical practice guidelines for CLL in 2015  (Furman 

et al., 2014; Jones et al., 2017) Idelalisib, in combination with rituximab exhibited an ORR of 

76.5% in patients with high-risk CLL carrying both del(17p) and TP53MUT mutations, 

whereas patients receiving placebo and rituximab had an ORR of 0% (Coutre et al., 2018; 

Furman et al., 2014). 

In another phase II study, idelalisib was evaluated as a single agent in patients with relapsed 

CLL who were not candidates for chemotherapy due to advanced age or comorbidities. The 

study showed an overall response rate of 57% and a median progression-free survival of 11 

months. The most common adverse events were diarrhoea, fatigue, and nausea. (O’Brien et 

al., 2015). 

Idelalisib has also been evaluated in combination with other agents in CLL. In a phase III 

study, idelalisib was combined with bendamustine and rituximab, a monoclonal antibody 

commonly used in patients with relapsed or refractory CLL. The combination therapy 

demonstrated a significantly higher overall response rate (84% vs. 68%) and longer 

progression-free survival (median of 20.8 months vs. 11.1 months) compared to bendamustine 

and rituximab alone. The most common adverse events were neutropenia, pyrexia, and 

diarrhoea (Zelenetz et al., 2017). 
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After conducting a large-scale phase III trial, the FDA approved idelalisib in July 2014 for the 

treatment of several hematologic malignancies, including relapsed CLL when used in 

combination with rituximab  (Furman et al., 2014). In the European Union, idelalisib has been 

authorized for use in combination with rituximab in patients with relapsed CLL, or as a first-

line treatment in patients with TP53 abnormalities that are not suitable for 

chemoimmunotherapy. 

Despite its efficacy, idelalisib has been associated with some adverse events, including 

autoimmune toxicities, hepatotoxicity, and pneumonitis. These side effects led to the 

discontinuation of idelalisib in some patients and the implementation of risk mitigation 

strategies, such as close monitoring and prophylactic treatment (Coutré et al., 2015). 

In conclusion, idelalisib has emerged as a promising therapeutic option for high-risk CLL 

patients, including those with del(17p) and other adverse prognostic factors. As a targeted 

therapy, idelalisib holds the potential for prolonged efficacy and reduced toxicity compared to 

conventional chemoimmunotherapy regimens. However, it is important to note that serious 

adverse events have been observed in patients treated with idelalisib and rituximab, leading to 

treatment discontinuation in some cases. Grade ≥3 adverse events, such as pneumonia, 

diarrhoea, and neutropenic fever, have been reported in 6-20% of patients (Brown et al., 2014; 

O’Brien et al., 2013). 

 

Duvelisib, also known as IPI-145 and marketed as Copiktra, is a small dual molecule 

inhibitor of two different isoforms of phosphoinositide 3-kinase, PI3Kδ and PI3Kγ developed 

for treating haematological malignancies. It is approved by the US Food and Drug 

Administration (FDA) for the treatment of relapsed or refractory CLL and SLL (D. A. 

Rodrigues et al., 2018; Tangudu et al., 2019). 

Consequently, in September 2018, the FDA approved duvelisib as a new drug for the 

treatment of relapsed/refractory CLL after at least two prior therapies (Flinn et al., 2018). 

Currently, duvelisib is under further investigation in several clinical trials because it increases 

the risk of infections and autoimmune complications, such as pneumonitis and colitis. 
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1.1.5.5 BCL-2 inhibitors 

 

The B cell leukaemia/lymphoma 2 (BCL-2) protein family is known to play a crucial role in 

the survival of CLL cells, as indicated by previous studies (Cory & Adams, 2002; Moore et 

al., 2007). These proteins are responsible for regulating apoptosis primarily through the 

intrinsic apoptotic pathway (Letai, 2008). In CLL, the anti-apoptotic proteins BCL-2, BCL-

xL, and MCL-1 are frequently overexpressed, leading to poor prognosis and shorter survival 

(Robertson et al., 1996; Pepper et al., 1997). 

 

Navitoclax (also known as ABT-263) is an orally available small-molecule inhibitor that 

selectively targets BCL-2/BCL-xL protein interactions, contributing to the survival of CLL 

cells. Navitoclax has been found to significantly enhance the antitumor activity of relevant 

therapeutic regimens, including R-CHOP, rituximab, bortezomib, and rapamycin, both in-

vitro and in-vivo models of B cell lymphoma.  

In a Phase I study, navitoclax was administered orally to relapsed or refractory CLL patients. 

The study demonstrated that more than 50% of the patients showed a reduction in the 

lymphocytosis and 35% showed a partial response rate. The most common adverse events 

were thrombocytopenia, anaemia, and neutropenia (Roberts et al., 2012). 

Despite its promising results, navitoclax has some limitations, including dose-limiting 

thrombocytopenia and neutropenia. To overcome these limitations, a second-generation BCL-

2 inhibitor, venetoclax, was developed, which has shown superior efficacy and tolerability 

compared to navitoclax (Roberts et al., 2016). 

 

Venetoclax, also known as ABT-199 or venclexta, was derived from navitoclax and exhibits 

enhanced bioavailability and a greater affinity for BCL-2 compared to BCL-xL (Souers et al., 

2013). Venetoclax's ability to induce apoptosis in CLL cells is ten times more potent than 

navitoclax while avoiding detrimental effects on platelets  (Seymour et al., 2018). 

A phase I dose-escalation study involving 56 patients with relapsed or refractory CLL 

assessed the safety and efficacy of venetoclax  (Roberts et al., 2016). The ORR across all 

patients was 79%, with a complete remission rate of 20% and a progression-free survival 

(PFS) rate of 69% after 15 months. Patients in subgroups with adverse prognostic factors, 

such as fludarabine resistance, del(17p), and unmutated IGHV, had an ORR ranging from 71 
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to 79%. The findings of the phase I study justified the need for further evaluation in larger 

randomized trials (Anderson et al., 2016). 

A subsequent phase II trial involving 107 patients with relapsed or refractory CLL and 

del(17p) demonstrated the safety and efficacy of venetoclax observed in the phase I trial. 

Venetoclax monotherapy elicited a response in 85 out of 107 patients, with 18 achieving 

minimal residual disease (MRD) negativity in the peripheral blood and six attaining MRD 

negativity in the bone marrow (Stilgenbauer et al., 2016). 

In 2016, the FDA approved venetoclax for use in relapsed or refectory CLL patients with 

del(17p) alteration who were previously treated. Ongoing clinical trials are investigating the 

use of venetoclax in combination with other drugs such as duvelisib (NCT 03534323), and 

ibrutinib (NCT 03513562). 

 

1.2 B-cell receptor (BCR) signalling  

One of the main aims of this PhD project was to investigate potential effects of the CLL cell 

microenvironment on the response of CLL cells to MDM2 and WIP1 inhibitors, particularly 

factors involved in B-cell receptor signalling. This was modelled with primary CLL cells ex-

vivo and included the influence of stimulation with CD40L, IL-4 and anti-IgM. The following 

provides background information on BCR signalling. 

 

 BCR signalling in normal B-cells  

In normal B-cells, the initial engagement of the antigen to BCR through surface 

immunoglobulin (sIg) leads to formation of the signalosome, which is a complex of kinases 

and scaffold proteins, tethered at sIg activation sites of the plasma membrane (Pierce & Liu, 

2010). The formation of the signalosome complex induces membrane movement and 

aggregation of BCR components that leads to phosphorylation of immune-receptor tyrosine–

based activation motifs (ITAMs) in the cytoplasmic C-terminal tail of BCR-associated Igα 

(CD79A) and Igβ (CD79B) by the SRC-family kinase LYN. Then, the phosphorylated ITAMs 

recruits the spleen tyrosine kinase (SYK) to the receptor through its tandem SH2 domain, 

leading to SYK activation via SRC-family kinase-dependent phosphorylation. The BCR 

signal is further propagated by SYK via association with the adaptor protein, B cell linker 

protein (BLNK), and activated its downstream signalling components Bruton Tyrosine Kinase 
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(BTK) and phospholipase Cγ2 (PLCγ2), phosphatidylinositol 3-kinase (PI3K), and VAV. The 

Vav family proteins (Vav1, Vav2, Vav3) are cytoplasmic guanine nucleotide exchange factors 

(GEFs) for Rho-family GTPases. Then, further distal BCR signals of PLCγ2 and /Rapidly 

Accelerated Fibrosarcoma (RAS/RAF1) signalling cascade are involved in the activation of 

mitogen-activated protein kinase (MEK) pathways, including the extracellular signal-

regulated kinase 1/2 (ERK1/2) (Hashimoto et al., 1998; Stevenson et al., 2011). Signals 

produced from those signalosomes initiate and regulate downstream signalling cascade 

including RAS/RAF/MEK/ERK pathway, which are significant for B-cell fate decisions such 

as proliferation, survival, migration, differentiation and cell death. 

 

 BCR-mediated signalling in CLL cells 

CLL is classified into two subsets based on the somatic hypermutation changes of tumour 

IGHV genes. CLL with unmutated IGHV genes U-CLL which derive from naïve CD5+ CD27- 

B cells of the healthy normal antibody types and CLL with mutated IGHV genes M-CLL 

derive from post-germinal centre CD5+ CD27+ cells (Forconi et al., 2010; Seifert et al., 2012). 

Clinically, both U-CLL and M-CLL have distinct response against therapy, with U-CLL 

having more aggressive disease (BCR signalling due to engagement of antigen with sIgM can 

be ongoing in both groups). The presence or absence of signalling is dependent on the distinct 

responses between subtypes to determine clinical behaviour (Stevenson et al., 2011). Anergy, 

a state of cellular lethargy, which is induced following positive antigen signalling engagement 

in the absence of T-helper cell, is observed in all CLL cells but (Cambier et al., 2007) 

prominently in M-CLL and is associated with indolent disease (Stevenson et al., 2011). In 

contest, antigen engagement signalling induce cells proliferation and survival appears more in 

U-CLL cells (Byrd et al., 2013). 

In-vivo in CLL patients, antigen signalling engagement with sIgM of BCR is thought to occur 

within proliferation centres (PCs) which are predominantly found in the lymph nodes (LNs) 

of CLL patient organs. Following BCR stimulation, CLL cells migrate to blood circulation, 

carrying temporary “imprint” parts/residue from the prior tissue-based stimulation (Coelho et 

al., 2013; Calissano et al., 2011). Patients with M-CLL blood cells possess CLL with anergy 

markers which is includes strong down-modulation of sIgM expression and signalling 

stimulation of (ERK1/2) phosphorylation and NFAT cells expression (Mockridge et al., 2007; 

Apollonio et al., 2013). In contrast, patients with U-CLL cells are able to maintain the antigen 

signalling and sIgM expression responsiveness and express higher positive marker of BCR 

signalling levels, including the proliferation and survival promoting proteins including MYC 
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and MCL-1 (Pepper et al., 2008; W. Zhang et al., 2010). The positive signalling of U-CLL is 

associated with more progressive disease. 

Positive antigen signalling can be mimicked in ex-vitro microenvironment by stimulating the 

CLL cells with immobilised anti-IgM antibodies, which increases expression of BCR 

signalling markers in CLL samples U-CLL that retain sIgM responsiveness (Petlickovski et 

al., 2005; Krysov et al., 2012). Even though, the clinical response behaviour of M-CLL cells 

are distinct from U-CLL cells, there is heterogeneity within these subsets, particularly within 

M-CLL more than U-CLL cells (Mockridge et al., 2007). 

 

 BCR signalling in CLL cells  

BCR signalling plays a crucial role in the pathogenesis of CLL. CLL cells express a BCR that 

is typically composed of sIg molecule and a dimer of the CD79a/CD79b proteins. The sIg 

molecule recognizes antigens, and its engagement by antigen leads to the activation of 

downstream signalling pathways that promote cell survival, proliferation, and resistance to 

apoptosis (Herman et al., 2011). 

The activation of BCR signalling in CLL is facilitated by the microenvironment in which CLL 

cells reside, which provides co-stimulatory signals that enhance BCR-mediated signalling. In 

addition, CLL cells undergo a process of antigenic selection that leads to the enrichment of 

cells with BCRs that exhibit increased signalling capacity (Burger & Wiestner, 2018).  

Shortly after its discovery, BTK was identified as a downstream component of BCR 

signalling following the antigen receptor (Figure 1.4) (Du & Lovly, 2018). BTK is associated 

with cellular membrane complex of B-cells. BTK is attached to the cytoplasm of cells in an 

inactive form. Upon activation of the BCR by an antigen, BTK is recruited to the cell 

membrane, where it becomes phosphorylated and triggers a signalling cascade that leads to 

various cellular responses. 
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Figure 1.4 Structural overview of BTK and its position within the B‐cell receptor signalling pathway 

(McDonald et al., 2021). 

 

 Proximal B Cell Receptor Signalling Events 

The process of BCR signalling is initiated when an antigen is recognized and subsequently 

leads to the phosphorylation of CD79 molecules that are associated with the BCR. This event 

activates the proximal signalling molecules, which ultimately results in the formation of a 

central signalling complex, referred to as the signalosome (Figure 1.5). The activation of the 

signalosome leads to the downstream activation of various signalling cascades, including the 

NFAT, nuclear factor κB (NF-κB), and Ras-extracellular-signal-regulated kinase (ERK) 

pathways. Additionally, the co-receptor CD19 is essential for the activation of the PI3K–AKT 

pathway. 

The BCR is composed of a pair of identical immunoglobulin heavy (IgH) and light (IgL) 

chains, each possessing a distinctive variable region that enables the recognition of diverse 

antigens present in the surrounding environment. The extracellular segment of the BCR is 

non-covalently linked to a disulfide-linked heterodimer comprised of CD79A and CD79B. 

This association allows the BCR to be expressed on the plasma membrane and enables the 

internalization of the BCR after antigen recognition (Gazumyan et al., 2006; Hou et al., 2006). 

The intracellular segment of the CD79 molecules comprises ITAMs, which serve as binding 

sites for SRC kinases like LYN, FYN, and B-lymphoid tyrosine kinase (BLK). Upon 
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crosslinking of the BCR by specific antigens, these SRC kinases phosphorylate the ITAM 

tyrosine (Saijo et al., 2003). 

During the early stages of B-cell development, the ITAM in CD79 contains two tyrosine 

residues separated by 11 amino acids, followed by either leucine or isoleucine (Sanchez et al., 

1993; Flaswinkel & Reth, 1994). Phosphorylation of these tyrosine residues by kinases such 

as SRC-family kinases (SFKs) trigger the activation of spleen tyrosine kinase (SYK), which 

plays a crucial role in signalosome formation with other kinases and adaptor proteins (Figure 

1.5). SYK is recruited to the phosphorylated CD79-ITAM, thereby promoting the formation 

of B cell linker protein (BLNK) complexes that activate downstream signalling pathways, 

including BTK, PLCγ2, VAV, and growth factor receptor-bound protein 2 (GRB2), (Holroyd 

& Michie, 2018). 

BLNK is an essential protein that acts as a scaffold to recruit SYK, BTK, and PLCγ2 in close 

proximity. When these proteins are deficient, it results in attenuated cytosolic Ca2+ response 

upon BCR stimulation (Ishiai et al., 1999). It is widely recognized that the BCR-driven 

constitutive but low-level "tonic" signalling and BAFFR signalling are critical for B-cell 

survival (Lam et al., 1997; Thompson et al., 2001; Gross et al., 2001; Miller & Hayes, 1991; 

MacKay et al., 2010). In the majority of follicular B-cells, this signalling is propagated 

through the activation of SYK (Schweighoffer et al., 2013). Surprisingly, the engagement of 

BAFF and its receptor leads to the direct phosphorylation of both CD79A and SYK, resulting 

in the activation of the PI3K and ERK signalling pathways. This suggests a cross-

communication between two different receptors for B-cell survival (Schweighoffer et al., 

2013). 

 

1.2.4.1 IKK/NFκB Pathway 

 

In response to BCR stimulation, the phosphorylated adaptor protein BLNK binds to PLCγ2 

and BTK, which then activates PLCγ2 to produce the second messenger, DAG and inositol-1, 

4,5-triposphate (IP3), resulting in the activation of downstream signalling events including 

NF-κB, activator protein 1(AP-1), cAMP response element-binding protein (CREB) and Bcl2 

family genes. (Hikida & Kurosaki, 2005; Kurosaki et al., 2010). 

Subsequently, DAG generated by PLCγ2 activates protein kinase Cβ (PKCβ), which 

phosphorylates caspase recruitment domain-containing membrane-associated guanylate 

kinase protein-1 (CARMA1). The phosphorylated CARMA1 recruits another kinase, TGFα-
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activated kinase 1 (TAK1), which associates with the inhibitor of κB (IκB) kinase (IKK) 

complex (IKKα, IKKβ and IKKγ), letting TAK1 phosphorylate IKKβ (Shinohara et al., 2005). 

This leads to the formation of a complex between CARMA1, mucosa-associated lymphoid 

tissue lymphoma translocation protein 1 (MALT1), and B cell lymphoma 10 (BCL10), known 

as the CBM complex, which functions as a scaffold to facilitate IKK activation. The activated 

IKK phosphorylates IκB, leading to its ubiquitin-mediated degradation. Once IκB is degraded, 

NFκB translocates to the nucleus for gene regulation. The activity of NFκB is further 

reinforced by positive feedback regulation, as the activated IKKβ phosphorylates CARMA1 

on Ser578, which contributes to the interaction of CARMA1 with MALT1 and BCL10, 

enhancing IKK activation (Shinohara et al., 2007). 

  

1.2.4.2 Ras/ERK Pathway 

 

The activation of the ERK mitogen-activated protein (MAP) kinase pathway is a consequence 

of BCR stimulation (Nagaoka et al., 2000; Yasuda et al., 2008; Rowland et al., 2010). This 

pathway is regulated by a family of RAS small GTP-binding proteins, which can be activated 

by the guanine nucleotide exchange factor (GEF) that replaces Ras-bound GDP for GTP and 

is inactivated by GTPase-activating proteins (GAPs), which set Ras proteins back to its GDP-

bound inactive state. In particular, the Ras guanine-nucleotide releasing proteins (RasGRP) 

family members, such as RasGRP1 and RasGRP3, act as major GEFs in this process. The C1 

subdomain of RasGRP3 binds to DAG, a product of PLCγ2 activation, thereby controlling 

Ras activation and the ERK-MAP signalling pathway (Oh-Hora et al., 2003; Coughlin et al., 

2005). Once GTP-bound, Ras activates the Raf-1/BRaf complex, which subsequently 

phosphorylates MEK1 and MEK2, leading to the activation of ERK. In addition, GRB2 can 

also activate Ras by associating with the cytoplasmic tail of the BCR heavy chains (Engels et 

al., 2009). The dimerization of ERK, which is phosphorylated by MEKs, allows it to 

translocate to the nucleus where it activates downstream transcription factors such as Fos, 

Jun, and Ets family proteins for transcriptional regulation of genes involved in proliferation 

(Dong et al., 2002; Hollenhorst, 2012). 
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1.2.4.3 PI3K Pathway 

 

The activation of PI3K is initiated by CD19, a B cell-specific membrane protein that contains 

multiple tyrosine residues on its cytoplasmic tail. Upon activation of the BCR, the tail of 

CD19 is phosphorylated by LYN, which creates a binding site for the PI3K subunit, p85α. 

The association of LYN with tyrosine-phosphorylated CD19 releases the auto-inhibitory 

function of LYN, leading to amplification of its activity (Fujimoto et al., 2000). The adaptor 

protein, NCK (NCK1 and NCK2), is required to initiate the PI3K pathway, which directly 

binds to phosphorylated Tyr204 on CD79A, dependent on LYN, and phosphorylates BCAP 

for its recruitment to the signalosome (Castello et al., 2013). Activated PI3K converts PIP2 to 

PIP3, a secondary lipid messenger by phosphorylation. PIP3 recruits AKT and 

phosphoinositide dependent protein kinase1 (PDK1) to the plasma membrane, enabling PDK1 

and the mammalian target of rapamycin complex 2 (mTORC2) to phosphorylate AKT at both 

serine 473 (Ser473) and threonine residue (Limon & Fruman, 2012). 

Phosphorylated AKT inhibits the mTOR signalling by phosphorylating TSC complex (Amin 

& Schlissel, 2008; Dengler et al., 2008; Dominguez-Sola et al., 2015; Holroyd & Michie, 

2018; Lin et al., 2010; Mansson et al., 2012; Sander et al., 2015; Srinivasan et al., 2009). AKT 

also phosphorylates glycogen synthase kinase 3 (GSK3), which contributes to activation of 

multiple molecules regulating cell growth, such as c-Myc and cyclin D3 (Gregory et al., 2003; 

Cato et al., 2011). Furthermore, AKT inhibits the mTOR signalling via TSC complex 

phosphorylation (Inoki et al., 2002). 

Upon antigen recognition by the BCR, CD19 and other adaptor protooncogenic proteins VAV 

interact with tyrosine residue at position Y391EEP (Y391EEP) in the cytoplasmic tail of CD19, 

which is presumably phosphorylated by SYK (O’Rourke et al., 1998), facilitating localization 

of LYN and SYK in close proximity. VAV is then phosphorylated by SYK (Chen et al., 2011) 

and functions as a GEF for Rho GTPases such as Rac2 (Arana et al., 2008). 
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Figure 1.5 B cell signalling pathway. BCR signals cascade initiated through phosphorylation of CD79, 

resulting in SRC and non-SRC kinase activation. The kinases phosphorylate other co-effector signal 

molecules such as BTK, PCLγ2 and BLNK, which form signalosome. PCLγ2 activates Ras-ERK, IP3 and IKK–

NFκB pathways. IP3 further activates calcium–NFAT pathway. CD19 activates PI3K–AKT pathway (Tanaka & 

Baba, 2020). 

 

1.3 Tumour Suppressor Protein, p53 

 A brief history  

Initially in 1979, multiple studies identified p53 as the cellular protein of the host that was 

targeted by the Large Tumour Antigen of SV40 DNA tumour virus, which is an oncoprotein 

carried by this virus  (Met al., 1979; Lane & Crawford, 1979; Linzer & Levine, 1979; Smith 

et al., 1979). Up until the mid-1980s, the TP53 gene was commonly believed to be an 

oncogene, as inferred from the use of p53 cDNA clones and the assumption that an increase in 

p53 expression led to tumorigenesis based on evaluations of the outcomes of such expression 

in various experimental model systems (Eliyahu et al., 1984; Jenkins et al., 1984; Parada et 

al., 1984). 

Subsequently, it was discovered that additional p53 cDNA clones were unable to replicate the 

transforming effects observed with earlier clones. Further analysis of these p53 cDNA clones 

through sequencing showed that the ones that behaved as oncogenes contained mutations that 

differed from the sequence of murine wild type p53 obtained from normal tissues (Eliyahu et 

al., 1984; Finlay et al., 2023). 



 

29 
 

It was established that mutations in p53 were frequently observed in cell lines derived from 

tumours (Eliyahu et al., 1984), and it was observed that mutant cDNA of p53 derived from 

mouse tumours could indeed stimulate cell transformation, whereas the wild type p53 could 

not. Subsequent investigations and observations validated that p53 functions as a tumour 

suppressor, as indicated by the frequent loss of wild type p53 alleles in colorectal cancer 

(Baker et al., 1989) along with the mutation of the remaining allele. Additionally, it was 

observed that overexpression of wild type p53 could suppress transformation of cultured cells 

(Finlay et al., 1989). 

Additional indications of p53 role as a tumour suppressor have been identified. For instance, 

germline TP53 mutations are mainly responsible for the severe hereditary condition called Li 

Fraumeni syndrome, which is characterized by the early onset of several types of cancer 

(Malkin et al., 1990; Srivastava et al., 1990). Moreover, p53 knock-out mice, demonstrated a 

very high incidence of cancer (mostly lymphomas) (Donehower et al., 1992). 

In the 1990s, it was discovered that p53 functions as a transcription factor. Multiple 

investigations uncovered that p53 features a functional transcriptional transactivation domain 

(Fields & Jang, 1990)  and can bind strongly to specific DNA sequences (Bargonetti et al., 

1991). This capacity to bind and transactivate genes distinguishes wild type TP53 from 

practically all cancer associated TP53 mutants. These research studies revealed the p53 

binding consensus sequence, which eventually allowed for genome-wide computational 

searches to identify possible p53 binding sites. Subsequently, it was found that p53 

transactivates CDKN1A, which encodes the cyclin-dependent kinase inhibitor p21WAF1 (El-

Deiry et al., 1993), and the proapoptotic BAX gene (Toshiyuki & Reed, 1995). Numerous 

TP53 transcriptional target genes have since been identified, which p53 transactivates by 

binding to p53 response elements (RE) located upstream or within these genes. Many of these 

genes encode proteins that are closely linked to apoptosis or cell cycle control. In addition, 

p53 was subsequently found to possess non-transcriptional biochemical activities (Vaseva & 

Moll, 2009). 

In 1992, researchers discovered the MDM2 protein, which is a crucial negative regulator that 

interacts with p53. MDM2 is an E3 ubiquitin ligase that is specific to p53, and it was shown 

to bind to p53 tightly and inhibit its biochemical activity, as well as target p53 for degradation 

(Momand et al., 1992). This occurs through the ubiquitylation and subsequent proteasomal 

degradation of p53 (Oliner et al., 1993). MDMX, which was identified in 1996 as a paralogue 

of MDM2, enhances MDM2 activity and contributes to the degradation of p53, but on its own 

it does not have any measurable E3 ligase activity (Shvarts et al., 1996; Linares et al., 2003). 
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 The structure and function of p53 

1.3.2.1 The structure of p53 

The TP53 gene is situated on the short arm of chromosome 17 and was cloned and sequenced 

in 1983. The human p53 protein is comprised of 393 amino acids and has distinct domains 

and regions that are natively unfolded, as well as in a reversible equilibrium with tetramer 

formation when it binds to a DNA p53-binding consensus sequence. The protein was given 

the name "p53" due to its migration at around 53kDa in SDS-polyacrylamide gel 

electrophoresis. Figure 1.6 shows the domain structure of the p53 protein along with the 

location of mutations frequently found in p53. 

The N-terminal region of the p53 protein contains two important domains, namely the 

transactivation domain (TAD) spanning residues 1-62, and the proline-rich region (PRR) 

spanning residues 63-94. The TAD can interact with various regulatory proteins, including 

MDM2 and CBP/p300, which play crucial roles in regulating the stability and transcriptional 

activity of p53 (Chi et al., 2005). 

The DNA-binding domain (DBD) of p53, consisting of residues 94–312 out of the total 393 

amino acids, plays a crucial role in both cytosolic and nuclear functions of the protein 

(Joerger & Fersht, 2008). Majority of p53 mutations found in cancer are in the DBD (Joerger 

& Fersht, 2007; Green & Kroemer, 2009) and almost all of them occur at so-called mutation 

hot spots, which are clustered within the DBD as shown in the IARC TP53 Mutation Database 

(Olivier et al., 2002). These oncogenic mutations, including R175H, R282W, R248Q, 

R273H/L and R249S, further destabilize the DBD, which is already thermodynamically and 

kinetically unstable, and weaken its binding to promoters of downstream target genes (Ang et 

al., 2006). 

The TP53 protein exists as an active tetramer consisting of four identical, which associate via 

their tetramerization domains at the C-terminus (TDs; residues 325-355) (Iwabuchi et al., 

1993). In response to cellular damage, p53 activates the expression of genes that play a vital 

role in DNA repair, apoptosis, cell cycle arrest, and senescence. This activation occurs 

through the binding of p53 to its specific DNA response elements located near the promoters 

of TP53 target genes. The DBD of p53 binds to double-stranded target DNA containing two 

decamer motifs, RRRCWWGYYY, separated by a spacer of 0-13 base pairs. Here, W is 

either A or T, R is either C or G, and Y is either C or T (Vogelstein et al., 2000; Wang et al., 

2009; El-Deiry et al., 1992). 
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Figure 1.6 Domain structure of p53. (A) The 393-amino acid protein includes a transactivation domain (TAD) 

located at the N-terminus, followed by a proline-rich region (PRR), a central DNA-binding core domain (DBD), 

a tetramerization domain (TD), and a C-terminal regulatory domain (CRD). The frequency of TP53 somatic 

mutations observed in primary tissues, body fluids, and cell lines are represented by vertical bars, which are 

based on data obtained from the TP53 mutation database of the International Agency for Research on Cancer 

(IARC), (version R19, www-p53.iarc.fr) (B) Ribbon diagram of the structure of the DNA-bound p53 core 

domain (PDB ID code 2AHI) (Kitayner et al., 2006; Joerger & Fersht, 2007).(C) Close-up view of the L2/L3 region, 

including the zinc-binding site, in the structure of DNA-bound wild-type. (D) DBD dimer bound to a DNA half-

site (PDB ID code 2AC0) (Joerger & Fersht, 2007). 

 

 

1.3.2.2 The functions of p53 

The p53 tumour suppressor is a transcription factor that regulates several genes with diverse 

functions such as DNA repair, metabolism, cell cycle arrest, apoptosis, and senescence 

(Levine & Oren, 2009; Wade et al., 2010). The protein's stability and level are increased, and 



 

32 
 

its transcription factor function is activated, by upstream signalling in response to various 

stressors, while downstream components execute the appropriate cellular response (Brown et 

al., 2009). The TP53 gene and encoded p53 protein have been found to be mutated or 

functionally inactivated to varying extents in most human cancers (Hollstein et al., 1991; 

Wade et al., 2013). It is one of the most frequently mutated genes in human cancer (Olivier et 

al., 2010). Mutation of TP53 results in loss of wild type p53 tumour suppressor function and 

can also have dominant oncogenic functions (gain-of-function mutations) that are entirely 

independent of wild type p53, causing cancer cell development, survival, and proliferation 

(Muller & Vousden, 2013). 

 

 Cell cycle checkpoints and regulation by p53 

1.3.3.1 Cell cycle and p53  

Cell division is a complex process that involves the duplication of genetic material and 

precise regulation of the cell cycle. Signals from growth regulatory proteins and genetic 

integrity monitors ensure that the genetic material is undamaged before the cell divides. The 

cell cycle consists of four distinct phases, including G1, S, G2, and M phases, through which 

progression is regulated by cyclin-dependent kinases (CDKs) that form active heterodimeric 

kinase complexes when bound with their cyclin partners. CDKs are a type of protein kinase 

that phosphorylate serine and threonine residues. 

Specific cyclin/cdk heterodimers are formed during each phase of the cell cycle. However, 

before proceeding to the next phase, signalling pathways monitor the successful completion of 

previous events to ensure successful cell cycle progression (Malumbres & Barbacid, 2001). 

The process of cell division initiated with the gap 1 (G1) phase, followed by DNA synthesis 

(S) phase in which DNA replication occurs, and then another gap phase (G2). In the G2 phase, 

the cell grows, produces organelles and proteins, and rearranges its contents to prepare for the 

next phase, mitosis (M). The phases G1, S, and G2 together are referred to as interphase. 

There is also a resting phase called G0, where cells exit the cell division cycle and stop 

growing and dividing (Vermeulen et al., 2003). 

Mitogenic signals initiate the formation of complexes of cyclin D and CDK4/6, which 

activate the transition from the G1 phase to the S phase by phosphorylating various cellular 

targets such as the retinoblastoma (Rb) protein. Hyperphosphorylation of Rb attenuates its 

growth inhibitory functions and promotes transcriptional activation via the E2F family. The 
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E2F proteins activate the transcription of CCNE, which encodes cyclin E that then interacts 

with CDK2, resulting in increased Rb phosphorylation and passage through the restriction 

point. When Rb is hyper-phosphorylated, it no longer binds to E2F transcriptional factor, and 

instead, E2F is released to stimulate the expression of genes that drive cells from G1 phase to 

S phase. Cyclin A and CDK2 are necessary for S phase progression, and cyclin A-CDK1 is 

required to transition from G2 to M phase, which is regulated by the cyclin B-CDK1 

complex. Other proteins, such as Polo-like kinase 1 (PLK1) and Aurora kinases (Aurora A and 

Aurora B), are necessary for regulation of cell cycle progression (Figure 1.7) (Otto & 

Sicinski, 2017). 

Signals that inhibit growth counteract the progression from G1 to S phase by increasing the 

expression of proteins that inhibit CDK activity. These include the INK4 family (p16INK4A, 

p15INKB, p18INK4C and p19INK4D), which bind to CDK4/6 and prevent their association 

with cyclin D, resulting in inhibition of CDK4/6 kinase activity and arrest at the G1 phase. 

Additionally, the CIP/KIP family (p21CIP1, p27KIP1, and p57KIP2) can bind to all cyclin-

CDK complexes and predominantly inhibit the kinase activity of CDK2 and CDK1, leading to 

arrest at both G1 and G2 phases. 

After DNA damage occurs, the cell activates various mechanisms to either remove or manage 

the damage or trigger apoptosis to eliminate the cell. A DNA damage checkpoint is one such 

mechanism that arrests the cell cycle from progressing, giving time for the repair and 

protection of damaged or unfinished chromosomes to prevent their transfer. This DNA 

damage response reaction is essential for cellular survival and genomic stability (Sancar et al., 

2004). 

Moreover, specialized proteins detect DNA damage and initiate cell cycle arrest through 

checkpoint kinase 2 (CHK2) and p53 in the G1 phase or through CHK1 in the S or G2 phase. 

This process is depicted in (Figure 1.7) (Otto & Sicinski, 2017). 

CDK inhibitors play a crucial role in cell cycle arrest when exposed to different stimuli such 

as cellular stress (Sherr & Roberts, 1995). The cyclin-dependent kinase inhibitor known as 

p21, or p21WAF1/Cip1, is encoded by the CDKN1A gene, which is a primary transcriptional 

target of p53 and has been extensively researched (Figure 1.8) (Dotto, 2000). The crucial 

function of p21WAF1/Cip1 in suppressing tumours has been demonstrated through studies on 

Cdkn1a−/− mice, which developed various types of tumours, including hematopoietic, 

endothelial, and epithelial tumours, accounting for approximately 65% of all tumours (Martín-

Caballero et al., 2001). Upon sensing DNA damage, p53 initiates the expression of CDKN1A, 
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which is responsible for inhibiting the progression of cell cycle both at the G1/S 2 (Brugarolas 

et al., 1995) and G2/M phases (Waldman et al., 1996; Bunz et al., 1998). During G1 phase 

arrest, p21WAF1 modulates the activity of E2F by inhibiting the recruitment of co-activators 

to the E2F transcriptional complex through disrupt the interaction between cyclin E/CDK2 

and Rb (Delavaine & La Thangue, 1999). In addition, p21WAF1 inhibits the kinase activity of 

CDK1 leading to cell-cycle arrest in the G2/M phase (Chan et al., 2000).Meanwhile, 

GADD45, for which the gene is also a downstream target of p53, prevents the progression of 

G2/M by inhibiting the cyclin B-CDK1 complex, eventually leading to G2 arrest (Zhang et 

al., 1994). 

 

 
Figure 1.7 The cyclin-dependent kinase inhibitor p21 (p21WAF1/Cip1 produced by CDKN1A gene) is a crucial 

target of p53 that inhibits various cyclin-CDK complexes and arrests the cell cycle. The activation of 

p21WAF1 prevents the phosphorylation of RB by cyclin-CDK complexes. The RB protein in a hypo-

phosphorylated state binds to the E2F transcription factor, thus preventing the progression of the cell cycle from 

G1 to S phase. (Leemans et al., 2011). 
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Figure 1.8 Schematic of p21WAF1/Cip1 and of its direct protein–protein interactions. The alignment of proteins 

to the N- or C-terminus domains of p21 is expressed by the terms left and right, respectively. Cyc1 and Cyc2: 

cyclin binding sites. CDK: kinase-binding site. NLS: nuclear localization signal. PCNA: proliferating cell 

nuclear antigen binding site. The p21 binding domains for the listed proteins are indicated as amino acid residues 

between brackets (Dotto, 2000). 

 

 

1.3.3.2 Phosphorylation of p53 

The initiation of p53 activation in response to DNA damage or replication stress is mediated 

by the protein kinases ATM and ATR, which are activated by double-strand breaks and single-

strand breaks, respectively. Phosphorylation of p53 at the N-terminus hinders MDM2 binding 

and promotes interaction with other transcription factors. Among the various phosphorylation 

sites, Ser15 phosphorylation is considered a pivotal event in p53 activation. Following this 

modification, casein kinase 1 (CK1) can sequentially phosphorylate threonine 18 (Thr18) 

through the phosphorylated Ser15 as a recognition determinant. Previous studies indicate that 

phosphorylated Thr18 inhibits the p53/MDM2 association, thereby uncoupling p53 from 

degradation. Although phosphorylation of residues other than Thr18 in the TAD does not 

significantly affect the interaction of p53 with MDM2, it stimulates interaction with 

CBP/p300, a transcriptional cofactor of p53. Two essential principles regulate p53 induction 

and activation: phosphorylation of N-terminal sites acts as a switch, allowing for quick 

uncoupling of MDM2 and recruitment of key transcription factors, while the cooperation 

between different phosphorylation sites permits fine-tuning of the association between p53 

and p300/CBP, which acetylates the lysine of the C-terminus of p53 (J. T. Lee & Gu, 2010; 

Loughery & Meek, 2013). 
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 TP53 abnormalities in CLL 

TP53 aberrations constitute a potent prognostic and predictive indicator in CLL, guiding 

clinical decisions regarding treatment. These aberrations are closely linked to significantly 

reduced survival rates and suboptimal responses to chemoimmunotherapy (Zenz et al., 2010). 

TP53 aberrations can be developed through a variety of genetic alterations, including deletion 

of the short arm of chromosome 17 (del[17p]), as well as mutations such as missense 

mutations (accounting for 75% of TP53 mutations detected), insertions or deletions (indels), 

nonsense mutations or splice-site mutations (Leroy et al., 2014). TP53 gene mutations 

primarily affect the DNA-binding domain, which is composed of exons 4-8 of the TP53 gene. 

However, mutations may also occur in the oligomerization domain or C-terminal domain. In 

CLL, there are five frequently altered codons (codons 175, 179, 209, 248, and 273), which are 

considered 'hotspot' codons (Zenz et al., 2010). 

Deletion of the short arm of chromosome 17 (del[17p]) is observed in around 4-9% of CLL 

patients at the time of diagnosis (Döhner et al., 2000; Delgado et al., 2012; Zenz et al., 2010). 

These patients have a very poor prognosis, primarily due to their unresponsiveness to standard 

therapies (Greipp et al., 2013; Buccheri et al., 2018). In numerous clinical trials, patients with 

del(17p) exhibited the shortest overall and progression-free survival, indicating an 

unfavourable prognosis (Catovsky et al., 2007; Grever et al., 2007; Hallek et al., 2008). The 

loss of TP53 is thought to be responsible for the dismal prognosis associated with del(17p). 

Although del(17p) is rare at the time of diagnosis, the frequency of its occurrence 

significantly increases up to 30% in patients with relapsed or treatment-resistant disease 

(Stilgenbauer et al., 2009). 

The TP53 gene is located on band 13 of the short arm of chromosome 17, specifically at 

17p13. In around 5-10% of CLL patients which show no deletion of 17p, TP53 is disrupted by 

mutations (Zenz et al., 2008; Puente et al., 2011; Nadeu et al., 2016). Around 80% of CLL 

patients with del(17p) also exhibit TP53 mutations on the remaining allele, while some 

patients possess TP53 mutations without del(17p) (Zenz et al., 2008; Rossi et al., 2009). 

The most common technique used for evaluating TP53 status in CLL is fluorescence in situ 

hybridization (FISH) to detect del(17p), sanger sequencing, and next generation sequencing to 

identify TP53 mutations. The results of clinical studies highlight the significance of 

examining TP53 aberrations, encompassing both del(17p) and TP53 mutations, prior to each 

therapy course to facilitate informed therapeutic decisions and enhance patient outcomes 

(Malcikova et al., 2018). 
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The impairment of the P53 pathway can also result from alternative mechanisms, including 

the deactivation of the ATM (ataxia-telangiectasia mutated) gene, which is a plausible cause of 

P53 dysfunction in CLL 1(Pettitt et al., 2001). The ATM gene encodes a protein kinase that 

has a significant role in inducing cellular responses to DNA double-strand breaks, by 

phosphorylating important players in DNA damage-response pathways, such as p53, breast 

cancer susceptibility gene 1 (BRCA1), and checkpoint kinase 2 (Chk2) (Shiloh, 2003). 

Moreover, ATM can directly bind to p53, and is responsible for the activation of p53 through 

the phosphorylation of serine-15 (Ser15) (Khanna et al., 1998). 

 

 Role of p53 in chronic lymphocytic leukaemia 

One of the factors that contribute to CLL pathogenesis and resistance to therapy is the 

dysfunction of the tumour suppressor protein p53. In response to genotoxic stress, p53 

activates the expression of downstream target genes such as p21WAF1/Cip1 and BAX, which 

induce cell cycle arrest and apoptosis, respectively. Conversely, loss or mutation of p53 can 

lead to genomic instability, cell survival, and tumorigenesis. TP53 mutations are found in up 

to 10-20% of CLL cases, and their presence is associated with poor prognosis, treatment 

resistance, and transformation to aggressive lymphoma (Stilgenbauer & Zenz, 2010; Zenz et 

al., 2010). 

In addition to TP53 mutations, other factors that affect p53 activity in CLL include aberrant 

expression or activation of MDM2, a negative regulator of p53, or alterations in downstream 

p53 targets such as p21WAF1/Cip1 and BAX. For example, overexpression of MDM2 can lead to 

p53 degradation and inhibition of apoptosis in CLL cells, whereas low levels of p21WAF1/Cip1 or 

BAX can impair p53-mediated cell cycle arrest and apoptosis (Zenz et al., 2010; Stilgenbauer 

& Zenz, 2010). 

The consequences of p53 dysfunction in CLL are manifold and include increased genomic 

instability, immune evasion, and therapy resistance. For instance, p53 deficient CLL cells may 

accumulate DNA damage and chromosomal abnormalities that promote clonal evolution and 

disease progression. Moreover, p53 dysfunction can impair the immunogenicity of CLL cells 

by reducing their expression of surface antigens and promoting immune escape, as well as by 

altering the cytokine and chemokine profiles of the microenvironment. Finally, p53 

dysfunction can affect the response to standard and novel therapies for CLL, such as 

chemotherapy, immunotherapy, and targeted agents 5(Stilgenbauer & Zenz, 2010). 
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Given the crucial role of p53 in CLL pathogenesis and therapy response, several research 

efforts are focused on understanding its mechanisms and developing new therapeutic 

strategies. For example, several drugs that target p53 or its regulatory pathways are being 

investigated, such as MDM2 inhibitors and PRIMA-1, which can restore p53 activity or 

induce p53-independent apoptosis (Stilgenbauer & Zenz, 2010). Moreover, combinations of 

p53-targeting agents with other drugs such as venetoclax, a BCL-2 inhibitor, or lenalidomide, 

an immunomodulatory agent, are being explored in preclinical and clinical studies. Finally, 

biomarkers that predict p53 dysfunction or response to therapy in CLL are being developed, 

such as functional assays of p53 activity, gene expression profiling, and imaging techniques 

(Stilgenbauer & Zenz, 2010). 

In summary, p53 plays a critical role in regulating apoptosis and DNA damage response 

pathways in CLL, and its dysfunction contributes to disease progression and therapy 

resistance. Further research into the mechanisms and clinical implications of p53 dysfunction 

in CLL may lead to new therapeutic strategies and biomarkers for this challenging disease. 

Also, in the majority of cases p53 is wild-type and functional and this can potentially be 

exploited using non-genotoxic MDM2 inhibitors to activate p53. 

  

 MDM2 gene and protein 

The MDM2 gene, which encodes the murine double-minute type 2 (MDM2) protein, is 

located on chromosome 12 (12q14.3-q15). The MDM2 gene was initially identified as an 

amplified sequence present in the form of double minutes from the transformed mouse cell 

line 3T3-DM (Fakharzadeh et al., 1991). The MDM2 protein was subsequently found to form 

a tight complex with both mutant and wild type p53 protein in rat cells transfected with Trp53 

genes (Momand et al., 1992). The human analogue, HDM2 gene, codes for a 90kDa nuclear 

phosphoprotein that has been found overexpressed in various human tumours such as soft 

tissue sarcoma, glioma, and breast cancer (Bond et al., 2006; Araki et al., 2010). 

The gene consists of 11 exons with over 40 splice variants identified in normal and tumour 

tissues (Bartel et al., 2002). The full-length transcript of MDM2 encodes for a protein of 497 

amino acids, with a predicted molecular weight of 56kDa, but the full-length protein migrates 

at around 90kDa in SDS-PAGE due to post-translational modifications and amino acid 

composition of the protein (Saucedo et al., 1999; Sawai & Domae, 2011). The functional 

domains of MDM2 include the p53 binding domain (residues 19–108), an acidic domain 
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(residues 237–300), a central zinc-finger (residues 301–332), and a RING-finger domain at its 

C-terminal end (residues 433–488) (Kussie et al., 1996). 

 

1.4 An overview of MDM2 

 MDM2 regulates p53 stability and function 

 

In wild type p53 cancers, MDM2 and MDMX act as negative regulators for p53 stability. 

MDM2, which is itself transcriptionally driven by p53, is a crucial factor in the 

downregulation of p53 (Figure 1.9). It can attach to p53, inhibiting its transcriptional activity 

and leading to its degradation through ubiquitination. As a result, the growth-inhibitory and 

pro-apoptotic activities of p53 are inhibited, thus promoting the survival and growth of cancer 

cells (Brown et al., 2009). MDM2 can also join forces with MDMX, a closely related 

paralogue, to form a heterodimeric complex which facilitates p53 degradation (Linares et al., 

2003). MDM2 also ubiquitinates MDMX and promotes the degradation of the MDM2-

MDMX heterodimer complex when subjected to ionizing radiation. The activity of MDM2 is 

negatively regulated by p14ARF (Robertson & Jones, 1998; Zhang & Xiong, 2001). 

MDM2 is a crucial E3 ubiquitin ligase that plays a dual role in regulating p53 function, by 

inhibiting p53 transcriptional activity and promoting its proteasomal degradation (Momand et 

al., 1992; Kubbutat et al., 1997; Chao, 2015). Under normal conditions, MDM2 ubiquitinates 

p53, marking it for proteasomal degradation and preventing its transcriptional transactivation 

domain from functioning. MDM2 has also been shown to localize p53 in the cytoplasm 

(Shvarts et al., 1996). The interaction between MDM2 and p53 is mediated by specific amino 

acid residues in the N-terminal hydrophobic cleft of MDM2, which are also important for p53 

binding to the transcriptional machinery (Haines et al., 1994). This interaction is highly 

regulated by different post-translational modifications (Kussie et al., 1996). 

Ubiquitination and proteasomal regulation play a crucial mechanism within cells for 

maintaining protein homeostasis, regulating cell cycle progression, and controlling various 

cellular stress processes. Ubiquitination is a post-translational modification process in which 

ubiquitin molecules are covalently attached to a lysine residue target protein through iso 

peptide pound. Ubiquitin is a small protein consisting of 76 amino acids, and it plays a crucial 

role in regulating various cellular processes, including protein degradation, DNA repair, signal 

transduction, and cell cycle progression. Ubiquitination is a reversible process which is 
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mainly regulated by sequential series of enzymatic reactions involving ubiquitin-activating 

enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3) (Clague et al., 

2019). E1 enzymes activate ubiquitin molecule by forming a thioester bond between the C-

terminal glycine residue of ubiquitin and a cysteine residue on the E1 enzyme in an ATP-

dependent manner. E2 enzyme transferred the activated ubiquitin molecule from E1 enzyme 

to a cysteine residue on an E2 enzyme, forming a thioester bond. Then, E3 ligases facilitate 

the transfer of ubiquitin molecule from the E2 enzyme to a lysine residue on the target 

protein, resulting in the formation of an isopeptide bond between the C-terminal glycine of 

ubiquitin molecule and the ε-amino group of the lysine residue on the target protein 

(Damgaard, 2021). Once the protein is tagged with ubiquitin molecule, it will be recognized 

by 19s proteins which is a cap of the proteasome. Then, the target protein will be converted 

into small peptides by proteases which subsequently released and degraded into amino acids 

by cytosolic and nuclear peptidases (Glickman & Ciechanover, 2002). 

 
Figure 1.9 The negative feedback loop control of cellular p53 by MDM2 and MDM4. Ub, ubiquitin; dUB, 

deubiquitylase (Brown et al., 2009). 

 

 MDM2 as a therapeutic target 

Several studies have shown that the TP53 tumour-suppressor gene is mutated in almost 50% 

of human cancers (Vogelstein, 1990; Soussi et al., 2006). However, the prevalence of TP53 

mutations varies significantly depending on the type of cancer, ranging from 38%-50% in 

ovarian, oesophageal, colorectal, head and neck, larynx, and lung cancers to about 5% in 

paediatric malignancies and some adult cancers such as CLL, sarcoma, and melanoma 

(Olivier et al., 2010). In some tumours, the protein expression or function of TP53 is 

suppressed and reduced, rather than mutated. Targeting the p53 pathway in these cases could 
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provide a useful strategy for cancer therapy. The MDM2 protein is an essential negative 

regulator of p53 and is physically linked to it (Figure 1.10). Overexpression of MDM2 can 

result in inactivation of wild type p53 protein function by forming a negative auto-regulatory 

loop with p53, thus inhibiting its activity through complex formation (Momand et al., 1992; 

Picksley & Lane, 1993). It has also been shown that mice lacking MDM2 die early in 

development but develop normally if they are co-deficient for Trp53, indicating that the 

critical role of MDM2 in development is also the physiological regulation of p53 function. 

Mice lacking MDM4 do not have the same phenotype, but they are also rescued by Trp53 

knockout (Berndt et al., 2013; Luna et al., 1995). Some tumours overexpress MDM2 and 

MDMX, which suggests that they inhibit p53 activity and behave as oncogenes (Marine et al., 

2006). Therefore, targeting MDM2 to release p53 from its inhibitory action has been explored 

for cancer treatment (Burgess et al., 2016; Lane & Crawford, 1979). 

 

 
Figure 1.10 Regulation of p53 by MDM2. MDM2 and p53 are linked to each other through an autoregulatory 

negative feedback loop aimed at maintaining low cellular p53 levels in the absence of stress. p53 stimulates the 

expression of MDM2, in turn, inhibits p53 activity by promoting its degradation through a ubiquitin-dependent 

pathway on nuclear and cytoplasmic 26S proteasome (Moll & Petrenko, 2003). 
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1.4.2.1 Development of small molecule MDM2 inhibitors 

 

The principle of MDM2-p53 binding antagonists is to stabilise p53 protein levels and activity 

by preventing the binding to MDM2 and preventing the degradation of p53 by MDM2 

(Brown et al., 2009). These non-genotoxic compounds act as MDM2 inhibitors by binding to 

the N-terminal p53-binding pocket of MDM2 leading to accumulation of the p53 protein. The 

free p53 protein activates downstream transcriptional targets to initiate growth inhibitory and 

pro-apoptotic cascade pathways (Ding et al., 2013; Vu et al., 2013). 

Using high throughput screening of synthetic chemicals, Vassilev and colleagues identified a 

group of cis-imidazoline compounds, which they named nutlins, that bind to and mask the 

p53 binding pocket on MDM2 (Vassilev et al., 2004). Nutlin-3 was the first generation 

MDM2 inhibitor which demonstrated the effect of p53 stabilisation on in-vitro cancer cells 

and in-vivo human tumour xenografts in nude mice (Vassilev et al., 2004; Polański et al., 

2014). In cell free assays, nutlins were found to be capable of inhibiting the MDM2-p53 

interaction with IC50 values ranging from 100-300nM. After isolating both enantiomers of a 

nutlin-3 racemic mixture, it was determined that nutlin-3a was 150-fold more potent than the 

in-active enantiomer at inhibiting the MDM2-p53 interaction in-vitro (nutlin-3a IC50=0.09μM 

and nutlin-3b IC50=13.6μM). The atomic resolution X-Ray diffraction crystal structure of 

nutlin-2 bound to MDM2 confirmed that nutlins mimic the three main amino acid residues on 

p53 that are involved in its interaction with MDM2 (Shangary & Wang, 2009). 

Treatment of various cell lines with nutlin resulted in a dose-dependent increase in 

downstream transcriptional targets of p53, such as p21WAF1/Cip and MDM2, if TP53 status was 

wild type. This led to cell cycle arrest, apoptosis, and growth inhibition of the MDM2 

amplified SJSA1 osteosarcoma cell line in-vitro. Treatment of SJSA-1 tumour xenografts in 

nude mice with 200 mg/kg twice daily over a 20-day period resulted in the inhibition of 

tumour growth with no apparent systemic toxicity. These findings provided proof of concept 

that selective small molecule inhibitors of the MDM2-p53 interaction could offer non-

genotoxic therapeutic options for activating p53. Since then, the inhibitory activity of MDM2 

inhibitors and their biochemical effect on p53 signalling has been extensively investigated 

with nutlin-3 and other novel MDM2 inhibitors, and studies have consistently shown that 

TP53 wild type cell lines respond with growth inhibition following treatment with MDM2 

inhibitors and canonical p53 transcriptional targets are induced in a class-independent manner 

(Zhao et al., 2015). 
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1.4.2.2 Further developments: second-generation MDM2 inhibitors 

 

Since the discovery of nutlins, a variety of chemical classes of MDM2 antagonists, including 

more potent orally bioavailable compounds suitable for in-vivo use, have been identified and 

progressed through preclinical and early phase clinical studies (Zhao et al., 2015). Currently, 

at least seven compounds have advanced to clinical trials, namely RG7112/RO5045337, 

RG7388/RO5503781, MI77301/SAR405838, AMG232, CGM097, DS-3032b, ALRN-6924, 

KRT-232, APG-115 and MK8242. The first MDM2 antagonist to reach phase 1 clinical trials 

was RG7112 (IC50=18nM), which is derived from nutlin-3a (Ray-Coquard et al., 2012; Yujun 

Zhao et al., 2014). This compound was administered orally to patients with advanced well-

differentiated/poorly differentiated liposarcomas and haematological malignancies, with 

patients receiving three cycles of 20 -1920mg/m2/day over a 10-day period with 18 days rest 

between each cycle. RG7112 was generally well tolerated, with the most significant adverse 

effects being neutropenia and thrombocytopenia, which is consistent with the mechanism of 

action of MDM2 antagonists and is considered an on-target effect, although this has not been 

definitively established. Analysis of tumour samples obtained from patients after 8 days of 

treatment showed signs of activation of p53 downstream targets and inhibition of 

proliferation. Plasma levels of macrophage inhibitory cytokine-1 (MIC-1/GDF15) correlated 

with RG7112 plasma measurements, suggesting that MIC-1 could serve as a surrogate 

pharmacodynamics marker for activation of p53. Overall, 14/20 patients showed stable 

disease for the duration of the treatment, and one had confirmed partial response, which was 

considered promising. Nevertheless, it was commented that future trials need to carefully 

consider the potential for haematological toxicities (Ray-Coquard et al., 2012a). 

Second generation MDM2-p53 binding antagonists, including RG7388 (idasanutlin) (Ding et 

al., 2013) and HDM201 (siremadlin) (Hyman et al., 2016), were demonstrated to efficiently 

suppress tumour growth in-vivo and have progressed to clinical trials. In late 2011, RG7338 

(IC50=6nM), which was designed based on the structure of RG7112 and MI-219 (an MDM2 

inhibitor of the spiro-oxindole family), entered phase I clinical trials in patients with solid 

tumours. In addition to mimicking the structure of the three key amino acids at the N terminus 

of p53 (F19, W23, and L26), the 2-Chlorophenyl group also makes π-π interactions with p53 

H96 (Figure 1.11) (Zhao et al., 2015). Maximum tolerated doses of RG7388 were dependent 

on scheduling, and this compound had similar dose-limiting haematological toxicities as 

observed with RG7112 (Johnson-Farley et al., 2015). This compound was taken forward to 

phase II trials under the name idasanutlin with a dose of 500mg/m2 with daily, 5-day 
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scheduling. An extensive review of the list of reported MDM2 inhibitors at different stages of 

development was reported by (Zhao et al., 2015). Since then, a Newcastle University/Astex 

alliance in-house iso-indolinone series derived compound is also now in phase 1&2 clinical 

trial as ASTX295. 

 

 
Figure 1.11 RG7388, RG7112 and HDM201. Chemical structure of (A) RG7388 (C) RG7112 (E) HDM201. 

Crystal structure of MDM2 bound to (B) RG7388 (D) RG7112. (D) HDM201 The three MDM2 sub-pockets are 

labelled PHE (Phe19), TRP (Trp23) and LEU (Leu26). (Furet et al., 2016; Zhao et al., 2015). 
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1.4.2.3 The potential for clinical use of MDM2 inhibitors in CLL 

 

Current treatment options for CLL include chemoimmunotherapy, BTK inhibitors (such as 

ibrutinib and acalabrutinib), and BCL2 inhibitors such as venetoclax, however, these therapies 

are not curative and often result in the development of drug resistance.(Hallek, 2019; Jain et 

al., 2019). Therefore, there is a need for alternative targeted treatment strategies for CLL 

particularly for patients who have relapsed or are refractory to standard treatments. 

One promising approach is the use of MDM2 inhibitors, which have shown efficacy in 

preclinical studies in CLL.(Kojima et al., 2005). MDM2 is an E3 ubiquitin ligase that plays a 

critical role in the regulation of the tumour suppressor protein p53 (Wade et al., 2013). In 

CLL, MDM2 is overexpressed, leading to the degradation of p53 and the inhibition of its 

tumour suppressor function (LeBlanc et al., 2002). By inhibiting MDM2, the levels of p53 

can be restored, leading to apoptosis of CLL cells. In wild-type TP53 CLL MDM2 inhibitors 

can activate p53 by blocking its interaction with MDM2, leading to apoptosis of cancer cells 

(Ciardullo et al., 2019). 

While clinical data specifically for CLL is limited, preclinical studies have shown that MDM2 

inhibitors can induce apoptosis in CLL cells and enhance the effects of standard therapies 

(Stilgenbauer et al., 2016) (Clinical trials.gov). 

Another preclinical study has demonstrated that nutlin-3a induces apoptosis in primary CLL 

cells by activating p53 and downregulating the anti-apoptotic protein MCL-1 (Kojima et al., 

2006; Drakos et al., 2011; Pan et al., 2017). In further study, a combination of the MDM2 

inhibitor RG7112 and ibrutinib showed synergistic activity against CLL cells in-vitro and in-

vivo (Yee et al., 2013; Jain et al., 2019; Andreeff et al., 2016). Furthermore, another 

preclinical study demonstrated that nutlin-3a sensitizes the CLL cells to the cytotoxic effects 

of fludarabine and rituximab (Kojima et al., 2006; Shangary & Wang, 2009). 

RG7388 (idasanutlin) also showed promising results in phase I clinical trials with relapsed or 

refractory CLL patients (Ding et al., 2013). In a study of 54 patients, idasanutlin produced an 

overall response rate of 72%, with a complete response rate of 18%. In addition, the phase I/II 

clinical trial of idasanutlin for AML patients is currently ongoing (NCT00710528 and 

NCT01090414 (Konopleva et al., 2022; Yee et al., 2021; Brown et al., 2014). Currently, the 

phase I/II clinical trial of KRT-232, novel small molecule of MDM2 inhibitor in a 

combination with acalabrutinib is investigated for treatment of CLL and Diffuse Large B-Cell 



 

46 
 

Lymphoma (DLBCL) patients (NCT04502394) (ClinicalTrials.gov). The most common 

adverse events were gastrointestinal and hematologic, which were generally manageable. 

A different MDM2 inhibitor, DS-3032b, has shown potent activity against AML cells in 

preclinical studies phase I/II clinical trials in patients with advanced solid tumours and 

lymphomas (Ishizawa et al., 2018). In preclinical studies, DS-3032b has been shown to 

induce apoptosis of AML and Multiple Myeloma cells in a p53-dependent manner, suggesting 

that it may be effective in CLL patients with wild type p53 (NCT02579824). MDM2 

inhibitors have the potential to be effective therapies for AML, particularly in patients with 

functional p53 (Konopleva et al., 2020). Ongoing clinical trials will further evaluate the safety 

and efficacy of these agents in CLL and to identify biomarkers that may predict response to 

treatment. 

 

1.5 An overview of PPM1D/WIP1  

 PPM1D/WIP1 gene and proteins 

 

The PPM1D gene is located on the long arm of chromosome 17 (17q23.2), with base co-

ordinates chr17: 60590183-60676280 (UCSC genome browser). Alternative splicing of the 

mRNA of this gene results in two transcripts that encode two different sized proteins, both of 

which retain their phosphatase activities (Chuman et al., 2009). The shorter transcript 

produces a 605 amino acid long WIP1 protein (PPM1D605), while the longer transcript, 

which includes an additional exon with a premature stop codon, results in a 430 amino acid 

long WIP1 protein (PPM1D430) (Figure 1.12). While, the PPM1D605 protein is found 

ubiquitously across human tissue types, the WIP1 protein isoform encoded by PPM1D430 is 

exclusive to testes and leukocytes. 
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Figure 1.12 The diagram shows the location of PPM1D and the transcription of stop codon PPM1D605 

and PPMD430 with respect to the WIP1 catalytic site (Chuman et al., 2009). 

 

 PPM1D/WIP1 in cancer 

 

The viability of PPM1D-null transgenic mice suggests that the WIP1 protein is not required 

for embryonic development. However, male mice with the PPM1D-null genotype exhibited 

sporadic growth retardation, atrophy of reproductive organs, decreased fertility, reduced 

lifespan, and compromised immune function, whereas the female mice were less cancer prone 

and did not show such symptoms. These results suggest that WIP1 plays an important role in 

spermatogenesis, lymphoid cell function, and cell cycle regulation (J. Choi et al., 2002).  

The defect in male infertility issues in response to Wip1 deficient mice are likely due to a 

result of the combined impacts on both the cells involved in spermatogenesis and the 

epididymis. Similar situation seen in the estrogen receptor alpha knockout mouse, which the 

mutation influenced both the testicular somatic cells and the epididymis (Hess et al., 1997). 

 

 Targeting WIP1 with the WIP1 phosphatase inhibitor, GSK2830371 

GSK2830371, a small molecule allosteric inhibitor, can inhibit the enzymatic activity of 

WIP1 protein by binding to the flap subdomain of WIP1 and promotes ubiquitin-mediated 

degradation of WIP1 (Figure 1.13) (Gilmartin et al., 2014). PPM1D (Protein Phosphatase, 

Mg2+/Mn2+ Dependent 1D), also known as WIP1 (Wild-type p53-induced phosphatase 1), is 

an oncogenic protein phosphatase that regulates a variety of cellular processes, including 
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DNA damage response and cell cycle checkpoint control. PPM1D plays a critical role in 

negatively regulating the activity of the p53 tumour suppressor protein. 

Interestingly, PPM1D is also a transcriptional target of p53, which means that PPM1D forms 

a negative autoregulatory feedback loop to ensure homeostatic regulation of wild-type p53. 

When cells are exposed to various forms of stress, such as DNA damage, p53 is activated and 

upregulates the expression of PPM1D. Once produced, PPM1D helps to restore normal 

cellular functions by dephosphorylating p53 and other signalling molecules involved in p53 

regulation (Lu et al., 2008). 

This negative feedback loop helps to maintain the proper balance of p53 activity, preventing 

excessive p53-mediated cell death or senescence. However, dysregulation of this loop can 

also contribute to the development of cancer including gene amplification and mutations in 

PPM1D. Hyperactivity or overexpression of WIP1 protein have been frequently found in 

various human cancer types including neuroblastoma, medulloblastoma, leukaemia, 

lymphoma, colon, lung, breast and ovarian cancers. The inhibition of WIP1 activity has been 

demonstrated to sensitize cancer cells to DNA-damaging agents and increase the efficacy of 

chemotherapy (Zhang et al., 2006; Kleiblova et al., 2013). 

In summary, PPM1D/WIP1 is a transcriptional target of p53 and plays an important role in the 

regulation of p53 activity and other cellular processes. Dysregulation of PPM1D expression 

or activity can contribute to the development of cancer, making it a potential therapeutic target 

for cancer treatment. 
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Figure 1.13 WIP1 inhibitor (GSK2830371) binding to flap subdomain domain of WIP1 specifically (A) 

Structure of GSK2830371. (B) Structure of WIP1 inhibitor (GSK2830371) (C) WIP1 model based on the 

PPM1A crystal structure (Gilmartin et al., 2014) 

 

 WIP1 phosphatase and homeostasis of p53 in response to stress and DNA damage 

Multiple p53 negative autoregulatory mechanisms allow for reversible p53-induced cell cycle 

arrest in response to sub-lethal damage (Harris & Levine, 2005). While the p53-MDM2 

negative autoregulatory feedback loop is the most crucial in maintaining p53 stability and 

function, there exist other subtle feedback mechanisms that prevent the activation of p53 

growth inhibitory and lethal functions. One of these mechanisms is p53-mediated induction of 

PPM1D/WIP1. PPM1D will be used to refer to the gene, while WIP1 will refer to the protein. 

WIP1 directly dephosphorylates phospho-p53Ser15, which is the product of stress related 

kinases, and indirectly affects the phosphorylation of other residues (Thr18 & Ser20) that are 

important for the dissociation of p53 from MDM2. Additionally, WIP1 dephosphorylates 

various proteins, including ATMSer1981, CHEK1Ser345 & CHEK2Thr68, γH2AX, p38αThr180 

(MAPK pathway), nuclear factor kappa BSer536 (NF-κBSer536), UNG2Thr6, XPCSer196 and 

XPASer892, which leads to the dampening down of DNA damage response and stress signalling 

to p53. WIP1 also increases the stability of MDM2Ser395 and MDMXSer403, negatively 

regulating p53 (Figure 1.14) (Lowe et al., 2012; Lu et al., 2007). 
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Figure 1.14 WIP1 inhibits p53 activity by multiple mechanisms (Lu et al., 2008) 

 

 Pre-clinical studies with GSK2830371 

Pre-clinical studies with GSK2830371 demonstrated the potential for WIP1 inhibition as a 

cancer therapeutic strategy for increasing the efficacy of p53 dependent therapies, including 

non-genotoxic activation of p53 by MDM2 inhibitors. 

GSK2830371 can enhance the antitumor effect of DNA-damaging agents, such as ionizing 

radiation and cisplatin, in various cancer types, including leukaemia, lymphoma, breast, and 

ovarian cancers (Pecháčková et al., 2017; Uyanik et al., 2021). 

The pre-clinical studies have demonstrated that GSK2830371 can enhance p53-mediated 

tumour suppression in combination with MDM2 inhibitors such as nutlin-3, nutlin-3a, 

RG7388, or chemotherapy. GSK2830371 as a single agent has selective inhibitory effects on 

the growth of MCF-7 and MX-1 cells, PPM1D amplified breast cancer cells, and a specific 

subset of wild type p53 haematological cancer cell lines (Gilmartin et al., 2014). Notably, in a 

previous study of our group, cells with various PPM1D gene alterations (gain-of-function 

mutations, amplification, or copy number gain) were found to be resistant to GSK2830371 as 

a single agent, except for MCF-7 cells (Esfandiari et al., 2016). 
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1.6 Hypothesis and Aims 

 

In previous investigations, researchers have explored the therapeutic potential of synthetic 

small molecules that inhibit the interaction of p53-MDM2, aiming to activate wild-type p53 

(Brown et al., 2009). Among these compounds, RG7388 (idasanutlin), a second-generation 

MDM2-p53 binding antagonist, has been developed and demonstrated enhanced potency 

(IC50=6nM), selectivity, and bioavailability (Ding et al., 2013). RG7388 has been found to 

activate wild type p53, leading to p53 stabilization, induction of p21 and MDM2 expression, 

and the promotion of p53-dependent apoptosis in various cell types, including primary CLL 

cells (Wu et al., 2018; Chamberlain et al., 2021; Chen et al., 2015; Ciardullo et al., 2019; 

Zanjirband et al., 2016). Interestingly, RG7388 has progressed through phase II clinical trials 

and has subsequently entered phase III clinical trials (ClinicalTrials.gov Identifier: 

NCT02545283), marking it as the first MDM2-p53 binding antagonist to reach this advanced 

stage. Current published early clinical trial data revealed that idasanutlin is a promising target 

therapy agent for wild type p53 CLL as a single agent and in combination treatments (Daver 

et al., 2023; Italiano et al., 2021; Yee et al., 2021). 

 

 Hypothesis 

The purpose of this study is to evaluate the effect of WIP1 inhibition to potentiate the activity 

of MDM2-p53 binding antagonists as potential therapeutic agents in CLL. In addition, to 

evaluate the effect of the WIP inhibitor in response to MDM2-p53 binding antagonists in the 

presence of different microenvironmental stimulation signals including CD40L, IL-4 and anti-

IgM stimulation of the BCR. 

 

 Aims 

1. Use the MDM2-p53 binding antagonist RG7388 (idasanutlin) to probe the functional 

status of the MDM2-p53 network in CLL and test the therapeutic potential of MDM2 

inhibition, alone and in combination with a WIP1 inhibitor (GSK2830371) in the 

evolving treatment landscape for CLL. 

2. Carrying out further primary CLL sample experiments with combination treatment of 

WIP1 phosphatase inhibitor and RG7388 in the presence and absence of IL-4 signals. 

https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwiK_Na12cHdAhUpCsAKHWGrA_YQFjAAegQIChAB&url=https%3A%2F%2Fwww.nhs.uk%2Fconditions%2Fchronic-lymphocytic-leukaemia%2F&usg=AOvVaw0zcp-YvHu3ngT_bsU-FF8I
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3. Identifying the combination effect of RG7388 with WIP1 phosphatase inhibitor on 

proliferating CLL cells when co-cultured on CD40L expressing fibroblast feeder 

layers. 

4. Using Anti-IgM to stimulate CLL cell BCR signalling and evaluate the effect on 

response to RG7388 in combination with WIP1 phosphatase inhibitor. 

5. Mechanistic studies investigating protein changes by western immunoblotting and 

gene expression profiles at the mRNA level by qRT-PCR for primary CLL samples to 

define transcriptional gene changes activated by RG7388 in combination with WIP1 

inhibitor for both non-dividing CLL cells and in the presence of microenvironment 

signals which stimulate cell survival and proliferation. 
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 Material and Method 
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2.1 Culture of established cell lines 

 

In the study, a total of six different cell lines were used, including two isogenic NALM-6, 

parental NALM-6, CD40L and NTL (Table 2.1). The parental NALM-6 cell line is wild type 

TP53WT and the two isogenic lines included, heterozygous knockout TP53+/- and homozygous 

knockout TP53-/- were purchased from Horizon Discovery and were collaboratively shared by 

Professor Julie Irving (Faculty of Medical Sciences-Newcastle University). The NALM-6 cell 

line is derived from B-cells of acute lymphoblastic leukaemia (ALL). The genetic status of 

TP53WT NALM-6 cell line was obtained from IARC TP53 (International Agency on Research 

on Cancer) database and COSMIC (Catalogue of Somatic Mutations in Cancer) database.  

OCI-Ly3 is B-cell non-Hodgkin's lymphoma cell line extracted from the bone marrow of 52 

years old man diagnosed with B-cell non-Hodgkin lymphoma (B-NHL) at stage 4B of a 

relapsed condition. OCI-Ly3 is also described as DLBCL. 

The CD40L and NTL were adherent cell lines used for co-culture with primary CLL cells. 

CD40L and NTL cell line, derived from mouse fibroblasts tissue, were gifted from Professor 

Chris Pepper (Brighton & Sussex Medical School). CD40L cells are mouse L cells which have 

been transfected with a CD40 ligand expression construct and express the ligand on their 

surface. NTL cells are the same mouse L cells but have been transfected with the corresponding 

empty plasmid vector and do not express the CD40 ligand. NTL is used as a control feeder layer 

that does not stimulate growth of CLL cells. All cell culture procedures and media preparation 

were carried out under aseptic techniques in a class II containment safety hood. (Biomat2, 

Medair Technologies, MA, USA). Mycoplasma infection of cell line cultures were regularly 

checked by using Mycoalert® Mycoplasma Detection Kit (LT07-118, Lonza, Switzerland). 

The parental NALM-6, OCI-Ly3, CD40L and NTL cell lines were obtained from the NICR 

authenticated cell line resource and were authenticated by STR (short tandem repeat) profiling 

(NewGene, Newcastle, UK). All the cell lines were cultured no more than 30 passages from 

purchase before replacing them with another cell vail from the frozen stocks in liquid nitrogen. 
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Table 2.1 Genetic status of cell lines. 

 

 

 Cell line authentication 

The characteristic features of a cell line are subject to changes over time as a result of its 

passage number. High passage number cells have been observed to exhibit alterations in 

morphology, response to stimuli, growth rates, and protein expression compared to cells at 

lower passage numbers. Additionally, chromosomal aberrations in cell lines have been found 

to have an increased likelihood of occurring over time, as documented in multiple studies 

(Chang-Liu & Woloschak, 1997). To ensure the reliability of experimental results, all 

investigations were conducted using cell lines that had undergone fewer than 30 passages 

since purchase or authentication. This was achieved by replacing cultures from frozen stocks 

kept in liquid nitrogen. The cell lines were obtained from the NICR authenticated cell line 

resource and subjected to authentication through the use of STR (short tandem repeat) 

profiling (NewGene, Newcastle, UK) (Nims et al., 2010; Reid et al., 2023). 

 

 

 



 

56 
 

 Passaging and seeding  

All cell lines were cultured in RPMI 1640 medium (R8758, Sigma, Dorset, UK) containing 

2mM  L-Glutamine and supplemented with 10% foetal calf serum (FCS), 1% 

penicillin/streptomycin of 100 U/mL Penicillin and 100 µg/mL Streptomycin. Cell lines were 

grown in humidified incubators (Incu Safe, Sanyo, IL, USA) at 37°C with 5% CO2. Based on 

the number of the cells required for an experiment, the cell lines were grown in different flasks, 

25cm2, 75cm2 or 175cm2 (Corning, Amsterdam, Netherlands). The cell lines were passaged 

every three days or whenever the confluency of the cells reached 70% of the flask surface area. 

For passaging the adherent cell lines, first, the cells were washed with 10ml of phosphate-

buffered saline (PBS). Then, 1-2ml of 1x trypsin-EDTA (Sigma, Dorset, UK) was added to the 

cells after the PBS was aspirated. The cells were incubated with trypsin-EDTA at 370C until 

they detached. An equal volume of culture medium was added to the cells in order to stop the 

trypsin activity. The resulting cell suspension was collected in a sterile 20ml universal tube 

(Greiner, UK) and centrifuged at 250xg for 5 minutes to pellet the cells. The old culture medium 

(including trypsin-EDTA) was removed from the cells. The pellet was washed once more a by 

suspending the cells in 10ml of fresh medium prior to centrifugation as previously. The 

supernatant was aspirated, and the cell pellet was resuspended in a fresh pre-warmed full 

medium. The cells were then ready for experiments or further passaging. 

For passaging the suspension cells, the cells were collected directly into a sterile 20ml universal 

tube (Greiner, UK) without adding trypsin-EDTA and washed once with fresh pre-warmed full 

medium. Then, the cells were treated in the same way previously mentioned. 

 

2.2 Cell count 

 

The density of the cells for each experiment was determined through one of two methods 

depending on the cell sample in the experiment. A Neubauer haemocytometer (manufactured 

by Hawksley, Sussex, UK) or a Coulter counter (manufactured by Beckman Coulter) was used. 

To ensure consistency across experiment repetitions, the same technique was always used. 
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 Haemocytometer counting of cells 

Several techniques can be used to estimate cell density. In this study, a Neubauer 

haemocytometer (Hawksley, Sussex, UK) was used to determine cell density. The 

haemocytometer was prepared as per the manufacturer’s instructions. A 10μl sample of fresh 

cell suspension was applied on both grid sides of the haemocytometer. Microscopically, cells 

were counted manually in all four grid square corners of both sides of the haemocytometer. The 

area of each grid square corners is 1mm x 1mm = 1mm2 with 0.1mm in depth. The final volume 

of each square at that depth is 100 µl. Once the total cell count is obtained, the average cell 

count of the eight squares was calculated and multiplied by the dilution factor and then 

multiplied by 104 to estimate the suspension cell density. Having the approximate number of 

the cells per ml, cells were seeded in a new flask or plate with an appropriate volume of full 

medium for either passage or experiments. 

Trypan blue (0.4% w/v) was used to determine the viability of the cells. The cells were diluted 

in 1:1 volume and counted under the microscope by haemocytometer. The dead cells were 

stained blue upon exposure to trypan blue while the viable cells with intact plasma membrane 

will remain clear. 

 

 Coulter counting of cells 

The Coulter counter was used to count the CLL cells which were co-cultured on the irradiated 

feeder layer cells. The coulter counter was adjusted to count the cells whose size varies 

between (4-15 microns) in diameter. The CLL cells were diluted in 1:10 in BD FACSFlow™ 

Sheath Fluid. The diluted CLL cell suspension was subjected to analysis using a particle 

counter (Coulter). In this process, CLL cells were suspended in a conductive fluid, 

FACSFlow, and passed through the probe hole into a separate conductive fluid, thereby 

interrupting the electrical current across the channel. Since the impedance caused by the cell 

or particle is proportional to its volume, the counter can be adjusted to count only particles 

that falls within the average diameter (4-15 microns). The Coulter counter counts the number 

of particles per 0.5ml, and therefore the average count obtained from three measurements is 

multiplied by dilution factors to determine the number of cells/ml in the initial cell 

suspension. 
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2.3 Isolation and culture of primary CLL cells 

 

Peripheral-blood samples were obtained from patients diagnosed with CLL, following the 

written informed consent according to institutional guidelines and the agreement protocol of 

the Declaration of Helsinki. Samples were collected from patients at various stages of disease, 

including at diagnosis, during ‘watch and wait’ or during relapse, aiming for a total white 

blood cell (WBC) count of at least 30x109/L. All the blood samples were collected in sterile 

disposable EDTA tube and stored under the auspices of the Newcastle Academic Health 

Partners Biobank (http://www.ncl.ac.uk/biobanks/collections/nbrtb/). Furthermore, the CLL 

diagnosis was made according to the IWCLL-164 NCI 2008 criteria (Hallek & Al-Sawaf, 

2021; Hallek et al., 2008). 

 

 Lymphoprep 

CLL cells were isolated from EDTA blood samples by density gradient centrifugation 

(Lymphoprep, Axis-Shield) following the manufacturer’s protocol. The freshly obtained CLL 

cells were resuspended in RPMI-1640 medium supplemented with 10% (v/v) foetal calf serum 

(FCS), 100U/mL Penicillin, 100µg/mL Streptomycin and 2mM L-Glutamine 10% (v/v) at a 

concentration of 5x106 cells/ml which would then be seeded in a new flask/plate with an 

appropriate volume for further experiments. In addition, 5x106 cells were suspended in RNA 

latter for future RNA isolation and a further 5x106 cells were collected for future DNA 

extraction, both of which were stored at -80°C. The remaining CLL cells were resuspended in 

FCS with 10% DMSO and stored for future planned experiments. Prior to -80°C storage, the 

aliquots of CLL cells were placed in ‘Mr Frosty’ ™ (which provides 1°C/min cooling rate with 

isopropyl alcohol) for 24hr at -80°C for gradual cooling of the CLL cells. 

 

2.4 Growth curves  

 

Prior to performing growth inhibition assays, the optimum seeding density for each cell line 

needs to be determined by generating the growth curve analysis. Growth curves were initially 

obtained to determine the growth pattern, doubling time, optimum seeding densities and 

incubation time of the cell lines for different experiments. The cells were seeded in a volume 

of 100μl medium/well using six different cell densities of 0.1x105, 0.2x105, 0.4x105, 0.8x105, 

http://www.ncl.ac.uk/biobanks/collections/nbrtb/
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1.6x105 and 3.2x105cells/ml for each time point and then incubated at 37°C, 5% CO2. Then, at 

the end of each time point, 50μl/well of the XTT reagent was added to each well in the plate 

(including the cells and the blank background control wells) for 4 hours to estimate cell number. 

The FLUOstar Omega plate reader (BMG Labtech) was used to measure the absorbance at 

450nm wavelength of the wells containing cells and the blank background control wells. 

Growth curves of cell lines were created using GraphPad Prism Version 6.05 software 

(GraphPad Software Inc.). 

 

 XTT assay 

In 1988, the XTT assay was developed by Scudiero et al to measure drug inhibitory effects on 

the metabolic activity and proliferation of tumour cell lines (Scudiere et al., 1988). The XTT 

assay is based on the reduction of XTT by NADH produced in the mitochondria via trans-

plasma membrane electron transport and an electron mediator. Reduction of XTT occurs in 

metabolically active cells and produces a water soluble orange coloured formazan product in 

the culture medium, which can be detected using an absorbance-based microplate reader. 

The measurement of cell proliferation in metabolically active cells was carried out using a 

soluble formazan orange dye called tetrazolium reagent, specifically 2,3-bis(2-methoxy-4-

nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT). The 

amount of formazan produced is directly proportional to the number of viable cells present. 

XTT, a second-generation tetrazolium dye, was initially identified as an effective method to 

measure cell growth and drug sensitivity in tumour cell lines (Scudiere et al., 1988). Since then, 

tetrazolium salts have become one of the most widely used tools in cell biology for measuring 

the metabolic activity of cells, including those of mammalian and microbial origin (Berridge et 

al., 2005). 

Both the primary specimens and cell lines were subjected to an incubation process under 

optimized suitable culture conditions, supplied with requirements of the experimental 

parameters. Upon completion of the experiment, the XTT assay was conducted to measure the 

metabolic activity of the cells. 

The cells were seeded in 96 well plates at six different densities in a total volume of 100µl per 

well for each time point and incubated at 37°C with 5% CO2. At appropriate chosen time points, 

the cells were exposed to a mixture of XTT reagent (manufactured by Roche, USA) in an 

appropriate ratio of labelling reagent to electron coupling reagent (1:50) and maintained at a 
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temperature of 37°C in an environment containing 5% CO2. The length of the incubation period 

was determined upon the density of primary CLL cells, and the cell line employed in the 

experiment. Through pre-optimization efforts, the optimal incubation period was found to be 4 

hours for B-cell lines and 8 hours for primary CLL cells. Upon completion of the incubation 

period, a spectrophotometric analysis was undertaken to determine the alteration in colour 

density, with absorbance measurements taken at a wavelength of 450nm using a FLUOstar 

Omega plate reader produced by BMG Labtech. 

 

 Sulforhodamine B (SRB) assay  

In 1990, the SRB assay was developed by Skehan SRB is a water-soluble dye used to identify 

cell density by binding to the amino acid residues of the cell proteins (Skehan et al., 1990). The 

cells were seeded in 96 wells plate at five different densities in a total volume of 100µl per well. 

On the next day, the cells were fixed using Carnoy’s reagent, a mixture of acetic acid and 

methanol in 3:1 proportion, at 4°C for one hour. After that, the cells were washed five times 

with distilled water and then, dried at room temperature. Then, the cells were stained with 100μl 

of 0.4% SRB (diluted in 1% acetic acid) for 30 minutes. The cells were washed 5 times with 

1% acetic acid to remove excess SRB day and then dried at 60C. After that, 100μl of 10mM 

Tris-HCl was added to each well and the plate was placed on a shaker for 20 minute to dissolve 

the SRB. The absorbance was measured at 570nm using a 96 well plate spectrophotometer. 

 

2.5 Viability and Growth inhibition assay and cell treatment 

 

For the Growth inhibition assay, XTT reagent is used to determine the GI50 values of the 

chemical compounds against the cell lines by constructing a concentration-response curve: this 

gives the concentration of a compound at which inhibits the growth of the cell population by 

50% compared to untreated control cell growth. For primary cell studies such as CLL cells ex- 

vivo, the cytotoxicity of the cells can be expressed as LC50 value (lethal concentration required 

to decrease 50% of viability). The LC50 value is a measure of the viable inhibitory potency of 

a compound on CLL cells. 
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 Established cell lines  

The growth inhibition assays were performed by seeding the cells in 96 well plates (Corning) 

at densities according to the growth curves and doubling time data which were previously 

generated. The cells were treated with a range of concentrations, above and below the GI50 

value. For adherent cell lines (mouse fibroblast CD40L and NTL), the cells were incubated for 

24 hours after seeding in order to allow them to attach to the surface but not for the suspension 

OCI-Ly3 cell line and primary CLL cells. Following the treatment, the cells were incubated at 

37°C with 5% CO2 for 72 hours, which allows at least two doubling times for the untreated 

controls. By the end of the incubation time, the activated XTT reagent was added to all wells 

as mentioned previously and re-incubated again in at 37°C with 5% CO2 for 6 hours. The XTT 

assay was used to measure cell growth inhibition compared to solvent DMSO control. The 

absorbance was measured using the plate spectrophotometer at 450nm wavelength. The 

background subtracted absorbance values were normalized to the control (DMSO/solvent) and 

expressed as percentage of relative growth. GraphPad Prism Version 6.05 software (GraphPad 

Software, Inc.) was used to plot the growth inhibition curves. The experiment was repeated 

three times independently. Standard deviation (SD) and the mean ± standard error of the mean 

(SEM) of the GI50 were calculated from each independent experiments. 

 

  Primary CLL cells 

 Serial dilutions in 100% DMSO were prepared from the 10mM stock to allow dosing of cells 

at a final concentration of 0.5% DMSO which on its own had been established to produce 

minimal cytotoxic effects on cells. The primary cells including normal donors and CLL patient 

cells can tolerate up to 0.6% (v/v) of the DMSO concentration with no effect on their cellular 

viability. 

The primary CLL cells were seeded at 100µL/well in 96-well plates (Corning) and treated with 

different drug concentrations immediately after they were isolated. A broad-spectrum range of 

concentrations were selected to determine LC50 of the CLL cells. Each drug concentration and 

DMSO control were carried out in three replicate wells. Treated CLL cells were incubated for 

48 hours with a final DMSO concentration of 0.5% (v/v). After the incubation, the XTT assay 

was performed to measure the ex-vivo cytotoxicity of the CLL cells. The optimal incubation 

time for the CLL cells with the XTT reagent was determined to be 8 hours from the pre-

optimization procedure. The absorbance was measured using the plate spectrophotometer at 
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450nm wavelength. The values were normalised to DMSO controls and expressed as 

percentage (%) of cell viability. GraphPad Prism Version 6.05 software (GraphPad Software, 

Inc.) was used to plot the concentration-response curves. 

 

 Matrix experiment 

For the dose–response matrix experiment, either cell lines or primary CLL cells were seeded 

in 96 wells plate as previously described. The cell line were seeded in concentration of 1.6 x 

105 cell/ml and the primary CLL cells were seeded in 5x106 cells/ml in a total volume of 

100µL/well Range of drug concentrations were used to treat the cells with single agent and in 

combinations with a final DMSO concentration of 0.5% (v/v).The vertical wells were treated 

with range of GSK2830371 concentrations and the horizontal wells were treated with 

RG7388 concentrations The cell lines were exposed to the treatment for 72 hours while, the 

primary CLL cells were exposed to the treatment for 48 hours. The drug inhibition effect on 

cell number was determined as described above using XTT assay. The synergistic or 

antagonistic effect of the combination treatment was assessed by the SynergyFinder 

interactive web application. The synergy score was identified through the Zero interaction 

potency (ZIP) model (Ianevski et al., 2017). The percentage of cell inhibition in response to 

drug combination treatments is visualised as a synergy landscape map over the dose matrix. 

The intensity of the colour indicates dose regions that show strong synergy or antagonism. 

 

2.6 Compounds 

 

All compounds were supplied in a powder form and had to be dissolved in DMSO (Sigma-

Aldrich) according to the standard operating procedure for weighing out potent carcinogens. 

The compounds were aliquoted in 10mM stock concentration and stored at -20°C for further 

use. Different concentrations were prepared with a final concentration of 0.5% DMSO which 

alone had minimal cytotoxic effects on cell growth. 
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 MDM2 inhibitors 

MDM2-p53 binding antagonists are a class of compounds that prevent the interaction between 

MDM2 and p53 by binding to the p53-binding pocket of MDM2. This leads to the 

stabilization of p53, as MDM2-mediated ubiquitylation and degradation are inhibited. This 

activation of the p53 pathway induces cell cycle arrest, apoptosis, and growth inhibition of 

cancer cells that have a wild type p53 status. 

RG7388 and HDM201 are two different MDM2 inhibitors which were kindly supplied by 

Astex Pharmaceuticals. The compounds were weighed and carefully transferred to clean 

containers following established protocols for weighing potent carcinogens. RG7388 

(Idasanutlin) (Figure 2.1 A), is a second generation MDM2-p53 binding antagonist that has 

been shown to efficiently suppress tumour growth in-vivo. clinical trial is investigating the 

efficacy of RG7388 for patients with relapsed multiple myeloma (NCT02633059), relapsed or 

refractory acute myeloid leukaemia respectively (NCT02670044, NCT02545283), phase I/II 

acute leukaemia or solid tumours in a combination with either chemotherapy or venetoclax 

(NCT04029688) and relapsed or refractory follicular lymphoma or DLBCL (NCT03135262, 

NCT02624986) (https://clinicaltrials.gov). 

HDM201 (Figure 2.1 B), a new generation MDM2-p53 binding antagonist with highly 

selective binding bucket affinity, is also under investigation in early clinical trials (Hyman et 

al., 2016). 

 

 
Figure 2.1 Structure of MDM2 inhibitors (A) RG7388 and (B) HDM201. 
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 PPM1D/WIP1 inhibitor, GSK2830371  

GSK2830371 allosterically inhibits the enzymatic activity of WIP1 protein and also enhances 

ubiquitin-mediated degradation of WIP1 (Gilmartin et al., 2014). GSK2830371 was 

purchased from Sigma-Aldrich.  

GSK2830371 is a selective specific inhibitor inhibits the catalytic activity of WIP1 protein by 

binding to the flap subdomain and disrupting the stability at the proximal allosteric site known 

to be the WIP1 ubiquitination site (K238). 

 

 
Figure 2.2 Structure of WIP1 inhibitor (GSK283031) (Gilmartin et al., 2014). 

 

 

2.7 Western blotting 

 

Western blot analysis is performed to identify the changes in protein expression of cells in 

response to treatment by using specific antibodies which bind to target proteins. In the 

western blot technique, the samples were run vertically from the positive toward the negative 

charge electrode at adjusted voltage and time. The proteins were separated according to 

charge and molecular weight. 

The term "Western blotting" was introduced by Neil Burnette in 1981 (Burnette, 1981). This 

technique has been widely used to detect and semi-quantitatively analyse specific proteins and 

their post-translational modifications in complex protein mixtures, using specific antibodies. 

The process involves initially separating proteins in a mixture based on their mass (kDa) 

through SDS-polyacrylamide gel electrophoresis (SDS-PAGE), followed by transferring them 
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onto a nitrocellulose membrane across an electric field. The proteins are then adsorbed and 

immobilized onto the membrane, likely through electrostatic and hydrophobic interactions. 

Specific antibodies linked to horseradish peroxidase (HRP) are then used to detect proteins of 

interest and visualize them through detection of chemiluminescence. 

 

 Preparation of cell lysates 

In western blotting analysis, cells were cultured in 6-well plates (Corning) at density of 1x106 

cells/ml for cell lines and 5x106 cells/ml for CLL cells. Then, cells were treated with 

compound(s) of interest at specific concentrations for different time points. By the end of each 

time point, the suspension of cells were collected into microcentrifuge tubes and spun down at 

2000g for 3 minutes. The cell pellet was washed by suspended in 1ml PBS and spun down 

again. After that, 40μl of SDS lysis buffer (a mixture of 0.0625M Tris-HCl pH 6.8, 10% (v/v) 

glycerol (Sigma) and 2% (w/v) SDS (Sigma) was added to lyse the cell lines. For primary 

CLL cells, 30μl of SDS lysis buffer was added to harvest the cell pellet because the CLL cells 

are very small compared to the suspension cell lines. After harvesting the cells, the cell lysate 

was heated at 100°C for 10 min. Then, the cell lysates were sonicated at an amplitude 6 for 5 

seconds 3 times (Soniprep 150, MSE, UK) to break up DNA and reduce the viscosity of the 

sample. After this step the protein estimation assay can be performed or the cell lysates could 

be stored in -20°C freezer. 

 

 Protein estimation assay 

In protein estimation assay, the Pierce® BCA (Bicinchoninic acid) Protein Assay kit (Pierce, 

Rockford, IL, USA), was used to determine the total protein concentration in cell lysates by 

converting the Cu+2 to Cu+1 in alkaline solution and producing bicinchoninic acid which is 

purple in colour. The BCA assay is based on the reaction between the sodium salt of 

bicinchoninic acid and the cuprous ion of biuret. A set of protein standards were prepared 

from a stock of bovine serum albumin (BSA) at 2mg/ml, which was diluted into 0.2, 0.4, 0.6, 

0.8, 1.0 and 1.2 mg/ml to prepare the standard curve. The cell lysate of each sample was 

diluted in water with a ratio of 1:10 (5μl sample and 45μl water). 

In a 96-well plate (Corning), 10μl of distilled water was add into the blank wells as a negative 

control followed by BSA standards and diluted lysate samples to each corresponding wells 

(10μl /well). Each BSA standard concentration and sample lysates were loaded in four 
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repeated wells. Then, a mixture of reagent A and B of the Pierce BCA protein assay kit were 

prepared with a proportion of 50:1 respectively, based on the total number of wells which 

need to be tested, followed by transferring 190µl of the mixture to all wells containing 

samples. After the plate was incubated at 37 °C for 30 minutes, the optical densities were 

measured at 562nm absorption wavelength using a FLUOstar Omega plate reader (BMG 

Labtech). The protein concentration in each diluted lysate sample was calculated and 

multiplied by the dilution factor (x10) to determine the actual value of undiluted protein 

concentration. A standard curve was generated using known BSA standard concentrations and 

the assay measurement (absorbance at 562nm) of protein concentrations in diluted lysate 

samples. 

 

 SDS-PAGE and transferring proteins to nitrocellulose membrane 

Equal quantities of protein (20-25μg) from each lysate was mixed with loading buffer (a 

mixture of 2.5ml 0.5M Tris/HCl pH6.8, 0.4g SDS, 1ml eta-mercaptoethanol, 2ml glycerol, 

1ml 0.1% bromophenol blue, 13.5ml distilled water) to achieve final volume of 15μl. After 10 

min heating at 100°C, the samples were loaded into the wells of the gel and separated 

according to molecular weight by electrophoresis through SDS-polyacrylamide gels (4-20% 

Mini-PROTEAN® TGX™ Gel, BioRad). The first and the last wells of the gel were loaded 

with known molecular weight standards (SeeBlue™ Pre-stained Protein Standard, Invitrogen). 

The samples were run in a vertical electrophoretic separation technique at 180 V for 45 

minutes until the sample loading dye reached the bottom of the gel. After PAGE separation, 

the proteins were transferred horizontally and immobilized onto Hybond™ C nitrocellulose 

membranes (Amersham Buckinghamshire, UK) at 100 V for 30 minutes. 
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 Blocking and antibody labelling 

Before probing the immobilized target proteins with specific antibodies, the membrane was 

blocked with 5% non-fat milk in 1x TBS/Tween for 45 minutes to prevent non-specific 

binding of the antibodies. After that, the membranes were probed with specific primary 

antibodies targeting the protein of interest either at room temperature (RT) for 1-1.5 hours or 

4°C overnight. Table (2.2) lists all the primary antibodies used with their species and optimal 

incubation time. HRP conjugated polyclonal goat anti-mouse immunoglobulins (P 0447, 

Dako) or polyclonal goat anti-rabbit immunoglobulins (P 0448, Dako) were used as the 

secondary antibodies directed against the specific species of the primary antibody at a dilution 

of 1:1000 at room temperature for 45-60 minutes. After the secondary antibody incubation, a 

mixture of an equal volume 1:1 of enhanced chemiluminescence (ECL) reagents 1 and 2 

(BIO-RAD) were added to the membrane for 1 min at RT. The ECL reagent reacts with the 

(HRP) conjugated secondary antibodies complex on the membrane and generates light signals 

which were captured either by a camera in the G-Box machine or X-ray film (Super RX, 

Fujifilm) developed using a Mediphot 937 (Colenta, Austria) automated film processor. 
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Table 2.2 Primary antibodies used in western blotting. 
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2.8 Flow cytometry cell sorting 

 

Fluorescence activated cell sorting (FACS) is a technique used to isolate and analyse the 

properties of each individual single cells from sample of mixed population. Cells were 

labelled with specific fluorescent dyes that binds to protein of targeted cells. The Flow 

cytometer machine measures the fluorescence of the cells as they were passed through a laser 

beam and the cells were sorted according to the fluorescence intensity. FACS is common 

technique used in cell separation, cell labelling, and cell analysis. Cells are analysed based on 

a variety of parameters, including cell size, shape, surface markers, fluorescence intensity, and 

other parameters. 

A FACSCalibur™ flow cytometer (Becton Dickinson, BD Biosciences) was used to detect the 

expression of proteins of interest on cell surface. FACS analysis was performed by using a 

fluorescence-conjugated antibodies which bind to CD40L (also known as CD154) protein on 

the mouse fibroblasts L cells. The CD154 antibody is associated with a fluorescent dye 

molecule then coupled to target protein on cell surface. The cell will be detected by 

fluorescence light when it passes through the laser beam. A beam of single light wavelength is 

directed to mixture of suspension cells based upon light scattering and fluorescent properties 

of each cell. Multiple detectors were used to conduct the light beam: forward light scatter 

(FSC) is the light that is refracted by a cell in the forward direction, side light scatter (SSC) is 

the light that is refracted by a cell in a different direction from its original path and the 

fluorescence emission signals is light generated from molecules excited by laser light at 

specific wavelengths different from the forward and side light scatter. 

 

 Sample preparation and FACS protocol 

For CD40L surface antigen detection experiment, direct conjugated monoclonal mouse anti-

human antibodies were obtained from BD Bioscience, containing BD Pharmingen™ stain 

buffer with FBS. The fluorescein isothiocyanate (FITC) conjugated anti-CD154 (anti-CD40L) 

and IgG FITC isotype-matched control were used to stain both cell lines, CD40L and NTL. 

FITC is a green fluorescent dye that is excited by blue light.  

For cell line immunostaining, mouse fibroblast cells expressing CD40L and NTL control, 

were seeded at concentration of 1x106 cells/ml into three different microcentrifuge tubes, 

labelled CD154, IgG and unlabelled cells. The cells were washed twice with cold PBS buffer 
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by centrifugation at 300xg for 3 minutes and the cell pellet was resuspended in 100µL of PBS 

buffer. Each tube of the cell line was incubated with a saturating concentration of FBS stain 

buffer containing the corresponding antibody (anti-CD154 or IgG) for 20 minutes on ice, and 

protected from light. The corresponding antibody directly bound to the specific target antigen 

on the cell surface membrane. After incubation, cells were washed twice with 1ml of PBS 

buffer to remove unbound dye by centrifugation at 300xg for 5 minutes. The supernatant was 

discarded and the cells were resuspended in 0.5ml of PBS buffer. The FBS stained cells with 

corresponding antibodies were measured by flow cytometry FACSAttune™ (Becton 

Dickinson, BD Pharmingen™) after sampling and analysing by CellQuest™ software (Becton 

Dickinson). Each single labelled cell passes through a column. The lasers beam excited the 

fluorescent dyes and detectors measure the fluorescence intensity of the dyes. The cells are 

sorted into different groups based on the fluorescence intensity, cell size and shape. The FSC 

channel sorts cells based on their size. Cells with large size is sorted by high FSC channel and 

smaller cells are sorted by low FSC channel. In addition, SSC channel sorts cells based on 

their granularity. Cell population with high granularity is sorted into the high SSC channel and 

less granular cells are sorted into the low SSC channel. 

The machine fluorescence calibration was checked using calibration beads (Calibrite beads, 

Becton-Dickinson). The antigens expression was determined as the net mean fluorescence 

intensity (MFI), calculated by comparing the peak fluorescence distribution of the isotypic 

control-stained population with that of the positively stained sample for each cell line. The 

cell line expressing CD40L was identified by gating on anti-CD154 positivity, which showed 

a different scale and cell scatter area compared to anti-IgG antibody. The gate area should 

include the majority of the cell distribution scatter while excluding debris and dead cells 

which typically appear in the bottom left corner. 

For unstained cell line evaluation, both CD40L and NTL cells were treated in exact the same 

way of antibody signals with substitute the antibody with PBS. Unstained cell lines were 

performed to evaluate the differences in cells distribution in the absence of the antibody 

signals as negative control. The number of events were set to 30,000 per sample. 

 

 FACSCalibur instrument setting and gating 

Samples were processed using a FACSCalibur™ (Becton Dickinson, BD Biosciences), 

CellQuest™ software was used to optimise the instrument settings based on FSC and SSC dot 
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plots of untreated control samples of each cell line. On the histogram plot, the Y-axis shows 

the number of events or cells that express fluorescence light and the X-axis shows the relative 

fluorescence intensity detected from each cell. A large number of events detected at one 

particular intensity will be represented as a peak on the histogram can be interpreted as a 

positive control. 

 

 Data analysis 

In order to calculate the proportion of cells (events) that expressed the antibodies, CD154 or 

IgG on their surface, Cyflogic Software Version 1.2.1 (CyFlo Ltd) was used to manually gate 

the single-cells on the SSC-A vs. FSC-A scatter plot. Each cell line had its own gate which 

showing the spread of cell population expressing the antibody. Based on peaks corresponding 

to CD154 and IgG antibodies, the percentage of events were calculated. 

 

2.9 Molecular biology  

 DNA extraction and quantification 

The extraction of DNA is a crucial step in molecular biology, because it is one of the 

techniques have been shown to produce high-quality DNA rapidly. For this study, DNA was 

extracted using the QIAamp DNA Mini Kit (QIAGEN, 51306) according to the 

manufacturer’s protocol. This kit is designed to purify total DNA quickly and easily, and it 

uses QIAamp Mini columns coated with a unique silica membrane that binds to 20µg of the 

DNA in the presence of a high concentration of chaotropic salt, allowing for elution in a small 

volume of low-salt buffer. Lysate samples were washed twice with buffer to release DNA 

bound to silica membrane. After purification, the DNA was released from the silica membrane 

and eluted in 200µl of elution buffer (10mM Tris-Cl; 0.5mM EDTA; pH 9.0) provided by the 

kit. The eluted DNA samples were stored at +4°C until further use.  

 

 RNA extraction and quantification 

For RNA extraction, cells were cultured in 6-well plate (Corning) at a density of 1x106 

cells/ml for cell line and 5x106 cells/ml for primary CLL cells. Then, cells were treated with 

compound of interest at the specified concentration for desired time points. At time of harvest, 
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whole cell suspensions were collected into microcentrifuge tubes. The wells were washed 

with phosphate buffer saline (PBS) to be sure that all cells were collected into the 

microcentrifuge tubes. The cells were spun down at 2000g for 3min. The medium was 

removed and cell pellets was washed once with PBS. Then, the cell pellets were stored in 

freezer at -80°C. Total RNA was extracted from the cell pellet using RNeasy Mini Kit 

(Qiagen, Germany) following the manufacturer’s protocol. A DNase treatment step with on-

column digestion was carried out using the RNase-free DNase kit (Qiagen). The RNA purity 

and concentration was identified by measuring the O.D at 260nm with an ND-1000 

spectrophotometer (NanoDrop Technologies, ThermoScientific, UK). The absorbance ratio of 

A260/A280 is commonly used to evaluate RNA purity. The high-quality of RNA purification 

is considered at A260/A280 ratio in range of (1.8-2.1). 

 

 Estimation of nucleic acid concentration 

The Nucleic acids purity and concentration was identified by measuring the optical density 

(O.D) at 260nm and 280nm with an ND-1000 spectrophotometer (NanoDrop Technologies, 

ThermoScientific, UK). The Nanodrop machine has a sample loading platform that includes a 

receiving fibre optic, onto which one microliter of the sample was loaded. The sample loading 

platform needs to be cleaned after each use and deionized distilled water is used as a blank 

control. Nucleic acids absorb light at 260nm, while proteins and phenol contaminants absorb 

at 280nm. Thus, the ratio of these absorbances is used to evaluate the purity of the samples. 

The ratio of A260/A280 was used to identify nucleic acids purity and to calculate the 

appropriate RNA volume required for qRT-PCR reactions. The ratio of A260/A280 value of 

nucleic acids with a good purity range between 1.7 to 2.0. The A260/A280 ratio of 

approximately 1.8 indicates pure DNA, while a ratio of around 2.0 indicates pure RNA. 

Furthermore, absorbance of A260/A230 ratio is another possible used as a secondary indicator 

to measure the nucleic acid purity with expected values usually higher than the A260/A280 

ratio for a given sample, typically ranging from 2.0 to 2.2. low value of A260/A230 ratio 

indicates contamination by carbohydrates or solvents, as both of these absorb strongly at 

230nm. 
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 Complementary DNA (cDNA) synthesis  

Complementary DNA (cDNA) is a form of DNA that is synthesized from a single-stranded 

RNA template by the action of reverse transcriptase (RNA dependent DNA polymerase). 

The reverse transcriptase is an enzyme which uses the RNA template and a 

primer complementary to the RNA in order to synthesis cDNA strand which can be used as a 

template for the PCR. The cDNA was produced using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems by Thermo Fisher Scientific, 4368814) as described by 

the manufacturer. A master mix of the kit's reagents was prepared in volumes specified in 

(Table 2.5), and this was multiplied by the number of RNA samples to be reverse-transcribed. 

Then, 14.2µl of RNA (0.5 µg) plus 5.8µl of the master mix were added to each of the labelled 

0.2ml PCR tubes (STARLAB, UK). The samples were then incubated in a GeneAmp PCR 

System 9700 thermal cycler (Applied Biosystems) under the following conditions: 10 minutes 

at 25°C, 2 hours at 37°C, 5 minutes at 85°C and stored at -20°C until further use. 

 

 
Table 2.3 Reaction components for reverse transcription. 

 

 Primer-directed polymerase chain reaction (PCR) 

The primers used in this study were designed with the aid of the Primer BLAST tool available 

through the National Centre for Biotechnology Information (NCBI) and were custom 

synthesized by Eurogentec Ltd. (Southampton, UK). The sequences of all sense and antisense 

primers used in the study are provided in (Table 2.4). 

 

https://en.wikipedia.org/wiki/Enzyme
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Table 2.4 PCR primers. NOXA1 primer represents NADPH oxidase activator 1.  

 

 Polymerase chain reaction (PCR)  

The Polymerase Chain Reaction (PCR) is a highly efficient in-vitro biochemical technique 

commonly applied in molecular biology to rapidly and precisely amplify low copies of a 

specific DNA segment of interest. PCR was first developed by Kary Mullis in 1983 and later 

improved in its current form by Saiki et al. (Mullis, 1990; Saiki et al., 1988). 

PCR amplification requires a pair of oligonucleotide primers, which are around 20 bp in 

length, for successful delivery into nucleus and target specific sequences. Each primer binds 

to its template on the DNA strand and starts to amplify through repeated cycles of DNA 

denaturation, annealing and extension by DNA polymerase with deoxyribonucleic acids 

(dNTPs) (dATP, dTTP, dCTP and dGTP) and appropriate co-factors.  

Each PCR reaction includes pair sets of an appropriate primer desired to target the DNA 

segment which needs to be amplified, a DNA template, Platinum™ Taq Green Hot Start DNA 

Polymerase (Invitrogen, 11966026), deoxyribonucleic acids (dNTPs), MgCl2, proprietary 

buffer solution and sterile water (Table 2.5). PCR runs were carried out by using GeneAmp 

PCR System 9700 thermal cycler (Applied Biosystems) through the standard optimised 

cycling parameters recommended for the specified DNA polymerase (initial denaturation 

phase: 94˚C for 2 min; 35 PCR cycles: denaturation of 30 sec at 94°C, annealing of 30 sec at 

~55°C (depending on primer melting temperature-Tm) and extending of 1min/kb at 72°C; hold 

at 4°C). The primer melting temperature (Tm) is the temperature at which one-half of the DNA 

duplex will dissociate into single stranded and indicates the duplex stability. 
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Table 2.5 Components of PCR reaction. 

 

 

 Quantitative real-time PCR (qRT-PCR) 

Quantitative real-time PCR (qRT-PCR) is a technique used for amplification and simultaneous 

quantification of nucleic acids on the basis of PCR. The qRT-PCR was carried out to detect 

and measure the difference in genes expression after treatment. The total RNA or messenger 

RNA (mRNA) were extracted and then transcribed into cDNA using a reverse transcriptase 

enzyme, following the manufacturer’s protocol with the Promega Reverse Transcription 

System (A3500, Promega). The qRT-PCR runs were performed by using SYBR green RT-

PCR master mix (Life Technologies) following the manufacturer's guidelines using the gene 

specific cDNA primers shown in (Table 2.4). 

The specific primers were designed to target regions of the gene's mRNA, including all 

known splice variants, to measure the transcription quantity of the gene of interest. SYBR 

Green is a fluorescent dye that binds specifically to double-stranded DNA (dsDNA), with an 

excitation wavelength of approximately 485nm and an emission wavelength of around 

524nm. The fluorescent signal emitted from SYBR Green is directly proportional to the 

amount of dsDNA, allowing for real-time measurement of PCR dsDNA quantity after each 

elongation step. 

For qRT-PCR reaction, a total of 20ng/µL from each cDNA sample was diluted in 10µL of 

final reaction volume. Standard optimised cycling parameters were used and products 

detected in real time on an ABI 7900HT system (Stage 1: 50˚C for 2 minutes, Stage 2: 95˚C 
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for 10 minutes then 40 cycles of 95˚C for 15 second and 60˚C for 1 minute). GAPDH was 

used as endogenous control. The DMSO solvent control samples were used as the calibrator 

for each independent repeat. Data were presented as the mean ± SEM relative quantities (RQ) 

of three well repeats of intra-experiment. 

 

2.10 Statistical analysis 

 

The statistical analyses were conducted using the GraphPad Prism Version 6.05 software, 

developed by GraphPad Software. Inc. The primary endpoint examined in the clinical cases 

under study was overall survival (OS), which was recorded in months from the time of 

diagnosis to the cut-off date for follow up or censoring date. The Kaplan-Meier method and 

Log-Rank test were utilized to determine the differences in cumulative survival, and the 

hazard ratios were also calculated, representing the relative rate of death in each group based 

on the slopes of the survival curves. Additionally, treatment-free survival was defined as the 

time duration between diagnosis and the first treatment (TTFT: Time to First Treatment). 

For statistical comparisons, appropriate paired or unpaired t-tests and one-way ANOVA with 

correction for multiple hypothesis testing were used as appropriate for statistical comparisons 

unless other specific test was applied and stated in the corresponding figure legends. The 

results were presented as either the mean ± SEM or mean ± SD, unless additional details were 

mentioned. The p-values were less than 0.05 considered statistically significant at the 95% 

confidence level (ns: not significant, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, 

p < 0.0001). 
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2.11 Primary CLL cell stimulation  

 Interleukin-4 (IL-4) stimulation 

Interleukin-4 (IL-4) can be used to stimulate the primary CLL cells (Hewamana et al., 2008; 

Kay & Pittner, 2003). In this study, the CLL cells were directly treated with IL-4 at a 

concentration of 10ng/ml prior seeding the CLL cells in the 96 wells plate (Corning). Each 

10ml of suspension CLL cells at 5x106 cells/ml were treated with 1µL of IL-4 (10ng/ml). In 

addition, IL-4 was added on both CD40L and NTL fibroblast cells to enhance the CLL cell 

proliferation signals ex-vivo microenvironment.  

 

 CD40L stimulation 

CD40L is expressed on activated CD4+ T lymphocytes. CD40 receptors are normally present 

on leukemic B-cells. The activation of T helper cell triggers the proliferation of B-cells 

through binding of CD40L to CD40 receptors. Mouse fibroblast L-cell were transfected with 

CD40L in order to mimic the ex-vivo environment that CLL cells are exposed to within the 

lymph nodes. The CD40L stimulation is one of the most efficient ways to stimulate CLL cell 

proliferation (Burley et al., 2022; Hewamana et al., 2008; Pepper et al., 2011). The same 

mouse fibroblast L-cell had been transfected with empty plasmid vector to for feeder layer 

that do not express the CD40L on their surface (known as NTL or control feeder layer cells). 

The NTL cells used as a negative control condition which not expressing the CD40L on their 

surface. 

 

2.11.2.1 Irradiation of feeder layer cells 

The reason for irradiation of the feeder layer cells was to stop cell division and proliferation, 

meanwhile maintaining the cell viability and metabolic activity. Both CD40L and NTL 

adherent cells, were seeded in 24 wells plate at a concentration of 5x107 cells/ml in a total 

volume of 0.5ml per well. Then, cells were incubated at 37°C with 5% CO2 for 2 hours to 

allow them to settle down and attach in the well. After that, the monolayer cells were 

irradiated by X-ray system with 15Gy (320kV and 10mA) for 12 minutes (D3300 X-ray 

system). 
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2.11.2.2 Co-culture of primary CLL cells  

Following irradiation, the monolayer cells were incubated at 37°C with 5% CO2 overnight. 

The next day, both irradiated feeder layer cells, CD40L and NTL, were washed with PBS 

once prior adding the CLL cells. The primary CLL cells were added to each well at a 

concentration of 1x106 cell/ml in a total volume of 1ml in full fresh medium including IL-4 at 

a concentration of 10ng/ml. Both CLL and monolayer cells were incubated at 37°C with 5% 

CO2 for 72 hours. After that, CLL cells were counted every four days using the coulter 

counter, to monitor the proliferation rate in order to determine when to start the treatment 

(once proliferation was confirmed). The feeder layer cells were replaced every four days. The 

effect of treatment on the CLL proliferation rate was monitored every 4 days by counting the 

CLL cell number whenever they the CLL cells were transferred into a new irradiated 

monolayer. 

 

 Anti-IgM immobilization or BCR signal  

2.11.3.1 Coupling of the antibody with magnetic beads 

All of the antibody coupling procedure was performed in a tissue culture hood at room 

temperature using Dynabead Antibody coupling kit (life technologies 14311D) as described 

by the manufacturer. The kit contents and volumes are outlined in (Table 2.6) Dynabeads® M-

270 Epoxy beads which were supplied in the kit, which covalently bind to primary amino and 

sulfhydryl groups of the target antibody. 

The beads were resuspended in 1ml of C1 reagent and washed gently by pipetting up and 

down. Then, the beads were transferred into new 5ml plastic vessel and attached to magnet for 

1min. After that, the supernatant was removed while the plastic vessel (beads) was attached 

against to magnet. Then, the beads were gently washed with 1ml of C1 reagent by pipetting 

up and down. There were 60mg of beads in total. The kit was divided into half to prepare 

beads coupled with F(ab’)2-IgM and F(ab’)2-IC (Southern Biotechnologies), giving 30mg of 

beads for each antibody. 500µl of the beads were transferred to another 5ml plastic vessel. 

Both plastic vessels were attached against to magnet for 1min and the supernatant were 

removed. After that, in a new tube, C1 reagent was mixed to each antibody individually 

without the beads. For Anti-Human IgM-F(ab’)2, 600µl of the antibodies were mixed with 

900µl of C1. For a control, 60µl of IgG-F(ab’)2 were mixed with 1440µl C1. Then, each 

antibody mixture was transferred to the beads in the plastic vessel separately. 1.5ml of C2 

reagent was added to both antibodies and mixed. The plastic vessels including the antibodies 
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and the beads were sealed with Nesco™ film and were placed into falcon tube for overnight 

incubation on a roller at 37°C. 

The next day, the plastic vessels were attached to the magnet for 1 min and the supernatant 

was removed. The beads were washed with three different buffers and the supernatant gently 

was removed each time by attaching the beads against the magnet. Starting with 1.6ml of HB 

buffer, LB buffer and SB buffer consequently. Two more washes were applied with 1.6ml of 

SB buffer. Then, the beads were incubated on a roller at room temperature (RT) for 15 

minutes with the 1.6ml of SB buffer remaining from the last wash. After the incubation, the 

supernatant was removed and the beads were resuspended in 3ml of SB buffer (100µl SB per 

mg beads; 10mg/ml AB coupled beads). Sodium azide was added at volume of 10µl per 1ml 

of beads. Aliquots of 1ml were stored at 4°C. 

 

 
Table 2.6 Components of Dynabead antibody coupling kit. 

 

2.11.3.2 Stimulation of CLL cells 

Before incubating the primary CLL with immobilization anti-IgM antibody, the beads were 

washed three times repeatedly with 1ml of full fresh RPMI-1640 medium (R8758, Sigma 

Aldrich, Dorset, UK) to remove the sodium azide particles and each time the supernatant was 

removed gently by attaching the beads against the magnet for 1 min. After the third washing, 

the immobilised anti-IgM beads were resuspended in a fresh medium with their original 

volume and were placed in ice. 

Then, the primary CLL cells were added to the immobilization anti-IgM beads in a ratio of 

(2:1). For primary CLL stimulation, two beads were used to stimulate one CLL cells. Based 

on this ratio, 3µl of immobilized anti-IgM beads were incubated with 100µl of primary CLL 

cells for 1-hour. 
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After immobilised anti-IgM stimulation, the CLL cells were washed three times with full 

fresh RPMI-1640 medium by adjusting the beads against the magnet and the supernatant were 

collected into a new microcentrifuge tube. Then, the anti-IgM stimulated CLL cells were 

treated with different drug concentrations and incubated for a specific period of time. Then, at 

the end of the treatment the CLL cells were harvest and collected to identify the changes in 

the downstream proteins. 
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 The Effect of MDM2 and WIP1 Inhibitors on Cell Lines 

Derived from Haematological Malignancies 
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3.1 Introduction 

 

Several studies have investigated different inhibitors to eliminate the abnormal proliferation 

of cancer cells. Targeting negative regulators of p53 with specific small molecules (MDM2i 

and WIP1i) to inhibit the activity of MDM2 and WIP1 proteins, leading to activation of the 

p53 cascade is one of the novel therapeutic strategies being explored in cancer treatment, 

particularly in p53 functional cancers (Wu et al., 2018; Deng et al., 2020; Wu et al., 2021). 

RG7388 (idasanutlin), a second generation MDM2-p53 binding antagonist, has been 

investigated across multiple cancers, including B-cells (NALM-6, OCI-Ly3, HAL01) and 

haematological malignancies disorder patients such as AML and polycythemia vera (Corbali 

& Eskazan, 2020; Mascarenhas et al., 2022; Aptullahoglu, Wallis, et al., 2023). The WIP1 

inhibitor (GSK2830371) was developed to explore inhibition of the phosphatase negative 

feedback loop regulation of p53, which leads to increased phosphorylation and stabilisation of 

p53 (Gilmartin et al., 2014). 

 p53 plays an essential role in preventing aberrant cell proliferation and maintaining genomic 

integrity. Therefore, several pharmaceutical strategies have been manipulating p53 to develop 

a non-genotoxic compound to maximize the specificity and sensitivity of its ability to 

eradicate malignant cells (Brown et al., 2009; Chène, 2003). The activity of functional p53 is 

mainly regulated through direct interaction with the MDM2 protein (Haupt et al., 1997; Moll 

& Petrenko, 2003). 

Several in-vitro studies have been published on the strategy of using MDM2 inhibitors in 

combination with the GSK2830371, WIP1 inhibitor and reported synergistic effects against a 

range of cancer cell types, biliary tract cancer (BTC) cell lines (Deng et al., 2020). 

Another in-vivo study has confirmed that the combination of WIP1 inhibitor (GSK2830371) 

potentiates the activity of RG7388 by increasing the phosphorylation of p53 which leads to 

increase the growth inhibition of liver adenocarcinoma cells, uterine Leiomyosarcoma 

(uLMS), and cutaneous melanoma in a p53 dependent manner (Chamberlain et al., 2021; 

Esfandiari et al., 2016; Wu et al., 2018, 2022). 

Although the combination of WIP1 and MDM2 inhibitors (RG7388) has been investigated in 

a range of different cancers, however there is no data for haematological cells. Therefore, this 

study has sought to investigate the effect of RG7388 in a combination with GSK2830371 on 
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cell line models derived from B-cell haematological malignancies before progressing to 

explore the effect of this combination against primary CLL cells ex-vivo. 

It was reported from our group and other studies that the effectiveness of MDM2 inhibitor 

mainly depends on the stabilization of functional p53 activity. Thus, wild type p53 cells 

respond well to the inhibitor compared to the mutant p53 cells. The potentiation effect of the 

WIP1 inhibitor on the response to MDM2-p53 binding antagonists has also been found to be 

dependent on p53 status (Wu et al., 2018, 2021; Esfandiari et al., 2016). 

 

3.2 Hypothesis and Aims 

 

The aim of the work presented in the current chapter was to examine the effect of the WIP1 

inhibitor in combination with an MDM2 inhibitor on a panel of NALM-6 haematological cell 

lines with three different isogenic p53 backgrounds: wild type TP53, heterozygous TP53 and 

mutant TP53 (null). In addition, OCI-Ly3 cells were used in the study as another example of a 

haematological B-lymphoma cell line. In addition, the effect of MDM2 inhibitors (RG7388 

and HDM201) as single agents had already been investigated previously by our group 

(Aptullahoglu, Ciardullo, et al., 2023; Ciardullo et al., 2019).  
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3.3 Results 

 

 The growth inhibition effect of WIP1 inhibitor on isogeneic p53 NALM-6 cells  

The aim of this section was to determine the cytotoxic effect of WIP1 inhibitor 

(GSK2830371) on the proliferation of isogenic TP53 NALM-6 cells. A wide range of WIP1 

inhibitor concentrations was used to determine the inhibitory effect on both functional and 

non-functional TP53 NALM-6 cells. In addition, to measure the effect of the GSK2830371 

inhibitor on TP53 functional NALM-6 cells, whether in the heterozygous or wild type TP53 

form.  

(Figure 3.1) shows the results for independent repeat experiments measuring the cell 

proliferation of isogenic NALM-6 cell lines treated with the WIP1 inhibitor for 72 hours. 

Following the treatment, the XTT assay was used to measure the relative proliferation of the 

cells compared to DMSO solvent only treated controls. All the three isogonics p53 NALM-6 

cells were treated with a wide range of WIP1 inhibitor concentrations, from 0.01 to 10µM. In 

conclusion, over this concentration range, the GSK2830371 WIP1 inhibitor had little effect on 

the NALM-6 cell line proliferation, whether it possessed functional or non-functional TP53 

genetic background. 
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Figure 3.1 The effect of WIP1 inhibitor on isogenic TP53 NALM-6 cells. (A) Mutant p53 NALM-6(-/-) 

(n=3). (B) Heterozygous p53 NALM-6(-/+) (n=4). (C) Wild type p53 NALM-6(+/+) (n=4). The growth 

inhibition measured by XTT assay for isogenic TP53 NALM-6 cell line treated with different concentrations of 

GSK2830371 for 72hrs. Each line shows an independent repeat (e.g. 1st: red, 2nd: blue, 3rd: green and 4th: 

black). Bars show the mean ± SEM. All % of growth was normalized to DMSO treatment for individual 

experiment. (SEM, standard error of the mean). 
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 The growth inhibition effect of MDM2 inhibitors (RG7388/HDM201) on otherwise 

isogeneic TP53 wild type and mutant NALM-6 cells 

The aim of this section is to determine the effect of MDM2 inhibitors (RG7388 and 

HDM201) on the proliferation of isogenic TP53 wild-type and mutant NALM-6 cells. The 

same method was used as described in the previous section (3.3.1). A range of both RG7388 

and HDM201 concentrations was used to determine the effect on the proliferation of both 

TP53 functional and non-functional NALM-6 cells. In addition, to compare the effect of the 

MDM2 inhibitors on both TP53(+/+) homozygous and TP53(+/-) monoallelic NALM-6 cells. 

NALM-6 cells with different isogenic TP53 background were treated with wide ranges (0.01, 

0.03, 0.1, 0.3, 1 and 3µM) of the MDM2 inhibitors, RG7388 and HDM201 (Figure 3.2). 

Following the 72 hours of treatment, cell proliferation was determined by XTT assays. The 

effect of various concentrations was normalized to the effect of DMSO which was included as 

a control for untreated cells. 

Mutant p53 NALM-6(-/-) cells did not show a concentration dependent inhibition effect on 

the cell proliferation, either with RG7388 nor HDM201 (Figure 3.2 A&D). In contrast, both 

the heterozygous TP53(+/-) NALM-6 cells and TP53(+/+) wild type NALM-6 cells showed a 

concentration dependent inhibition of cell proliferation (Figure 3.2 B, C, E, F) in response to 

both MDM2 inhibitors, RG7388 and HDM201. Interestingly, one functional TP53 allele was 

sufficient to show a dose dependent inhibitory response of the cells to both MDM2 inhibitors 

(RG7388/HDM201). 
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Figure 3.2 The concentration dependent effect of MDM2 inhibitors (RG7388/HDM201) on the 

proliferation of isogenic TP53 NALM-6 cell line. (A) NALM-6 (-/-) with RG7388. (B) NALM-6 (-/+) with 

RG7388. (C) NALM-6 (+/+) with RG7388. (D) NALM-6 (-/-) with HDM201. (E) NALM-6 (-/+) with 

HDM201. (F) NALM-6 (+/+) with HDM201. The effect of RG7388 was repeated (n=6) consecutive times on all 

isogenic p53 NALM-6 cells, while the effect of HDM201 was repeated (n=4) times on both heterozygous p53(-

/+) and wild type p53(+/+) and (n=3) times on mutant p53(-/-) NALM-6 cells. The growth inhibition measured 

by XTT assay for after 27hrs of the treatment. Each line shows an independent repeat (e.g. 1st: red, 2nd: blue, 

3rd: green, 4th: black, 5th: purple and 6th: pink). Bars show the mean ± SEM. Each independent repeat of 

experiment was normalized to DMSO treatment for individual experiment. 
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 The potentiation of RG7388 growth inhibition by the WIP1 inhibitor is dependent on 

p53 status 

In this section, the ability of WIP1 inhibitor to potentiate activity of MDM2 inhibitor was 

tested. GSK2830371 at 2.5µM was initially used in a combination with a wide range of 

RG7388 concentrations (0.01, 0.03, 0.1, 0.3, 1 and 3µM). The following data are the 

summary of isogenic p53 NALM-6 cell response to treatment with the MDM2 and WIP1 

inhibitors for 72 hours. (Figure 3.3) illustrates the effect of RG7388 and GSK2830371 

(2.5µM) inhibitors as single agents and in combination on the isogenic p53 NALM-6 cells.  

For mutant p53 NALM-6(-/-) cells (Figure 3.3 A), neither single treatment nor the 

combination inhibited cell proliferation. With heterozygous and wild type p53 NALM-6 

(Figure 3.3 B&C), WIP1 (2.5µM) inhibitor alone does not have much of an inhibition effect 

on the growth activity of either of the NALM-6 cell lines with a functional TP53 allele. 

However, RG7388 by itself was able to inhibit the growth activity of NALM-6 cells with at 

least one functional TP53 allele in a concentration dependent manner. Furthermore, despite 

having little effect on its own, 2.5µM WIP1 inhibitor markedly potentiated the anti-

proliferative effect of RG7388 with both NALM-6 TP53(+/+) and NALM-6 TP53(+/-) cell 

lines. It was seen that the combination of WIP1 (2.5µM) inhibitor with RG7388 (0.01µM) 

inhibits more than 50% of heterozygous and wild type p53 NALM-6 cell proliferation. 
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Figure 3.3 WIP1 inhibitor potentiated the growth inhibitory effect of MDM2 antagonist (RG7388) in a 

p53 dependent manner with functional TP53 alleles. (A) Mutant TP53(-/-) (B) monoallelic TP53(-/+) (C) 

wild type TP53(+/+). The growth inhibition was measured by XTT assay for isogenic TP53 NALM-6 cell line 

treated with different concentrations of RG7388 in combined with or without GSK2830371 (2.5µM) for 72 

hours. The effect of each drug compound was repeated on consecutive different cell passages. Each line shows 

an independent repeat (n=6) of experiment averaged by itself. All % of growth was normalized to DMSO 

treatment for individual experiment. Bars show the mean ± SEM. 
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 The potentiation of HDM201 growth inhibition by the WIP1 inhibitor is dependent on 

p53 status 

In this section, we determined the ability of WIP1 inhibitor to potentiate the activity of 

another MDM2-p53 binding antagonist, HDM201. GSK2830371, at (2.5µM) was again used 

in combination with a wide range of HDM201 concentrations (0.01, 0.03, 0.1, 0.3, 1 and 

3µM) for 72 hours of treatment exposure. (Figure 3.4) shows the effect of HDM201 and 

GSK2830371 (2.5µM) inhibitor as single agents and in combination treatment on the 

proliferation of the isogenic p53 NALM-6 cell line panel.  

(Figure 3.4) demonstrates the effect of MDM2 (HDM201) and WIP1 (2.5µM) inhibitors 

single agents and in combination treatment on the proliferation of the NALM-6 TP53 

knockout cell line panel. The HDM201 results mirrored what was seen for RG7388, 

consistent with the p53 dependence and potentiation by the WIP1 inhibitor being an MDM2-

p53 binding antagonist drug class effect.  

Thus, non-functional p53 knockout NALM-6 (-/-) cells, did not response to either the MDM2 

or the WIP1 (2.5µM) inhibitors as single agents or in combination (Figure 3.4 A). In parallel 

experiments, with functional p53 isogenic NALM-6 cells (Figure 3.4 B&C), WIP1 (2.5µM) 

inhibitor as a single agent showed little inhibitory effect on the proliferation of TP53 

monoallelic (-/+) and wild type (+/+) NALM-6 cells. In contrast, HDM201 by itself inhibited 

the proliferation of both NALM-6 cell lines with a functional p53 allele in a concentration 

dependent manner. Furthermore, combination with the WIP1 (2.5µM) inhibitor potentiated 

the effect of HDM201, with inhibition of proliferation much greater than the effect of 

HDM201 alone. The combination of WIP1 (2.5µM) with MDM2 inhibitor (HDM201) at 

(0.01µM) concentration inhibited proliferation of the p53 functional cell lines by 

approximately 50%, whereas the HDM201 alone required at least ten times that dose (0.1µM 

to achieve the same level of growth inhibition. Interestingly, the potentiation effect of the 

GSK2830371, WIP1 inhibitor appeared to be greater for combination with HDM201 that with 

RG7388. However, the average GI50 ratio of RG7388 and HDM201 in the presence or 

absence of WIP1 inhibitor looked similar for the TP53 wild type (+/+) and TP53 monoallelic 

(-/+) NALM-6 cells. 
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Figure 3.4 The combination with WIP1 inhibitor (2.5µM) potentiates the effect of HDM201 on the 

proliferation of functional TP53 NALM-6 cell lines in a concentration dependent manner. (A) Mutant 

TP53(-/-) (n=3) (B) monoallelic TP53(-/+) (n=4) (C) wild type TP53(+/+) (n=4). The growth inhibition was 

measured by XTT assay for isogenic TP53 NALM-6 cell line treated with different concentrations of RG7388 in 

combined with or without GSK2830371 (2.5µM) for 72 hours. Each line shows an independent repeat of 

experiment (n=4) averaged within itself. All % of growth was normalized to DMSO treatment for individual 

experiment. Bars show the mean ± SEM. 
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 The WIP1 inhibitor GSK2830371 potentiates the p53-dependent anti-proliferative 

effect of MDM2 inhibitors (RG7388/HDM201)  

This section summarizes and compares the effect of the GSK2830371 WIP1 inhibitor when 

combined with either RG7388 or HDM201 for both monoallelic TP53 (-/+) and wild type 

(+/+) NALM-6 cells (Figure 3.5). Each point in the plot shows the GI50 for 50% inhibition of 

cell proliferation, as measured by XTT assay, following 72 hours exposure to the 

corresponding agent, for each individual experiment.  

For monoallelic TP53 NALM-6(-/+) cells (Figure 3.5 A), combination with the WIP1 

inhibitor significantly potentiated the anti-proliferative effect of both RG7388 and HDM201 

(p=0.014) and (p=0.007). The average GI50 of RG7388 was 0.031µM ±0.008 and of HDM201 

was 0.119µM ±0.02 for the response of the p53 monoallelic NALM-6 (-/+) cells (Table 3.1). 

Furthermore, the combination treatment of WIP1 inhibitor (2.5µM) with either RG7388 or 

HDM201 significantly reduced the GI50 values of the MDM2 inhibitors, to 0.012µM ±0.0006 

and 0.016µM ±0.002, respectively (p>0.05) (Table 3.1).  

For wild type TP53 NALM-6(+/+) cells (Figure 3.5 B), the average GI50 of RG7388 was 

0.042µM ±0.006 and for HDM201 was 0.114µM ±0.019 (Table 3.2). Additionally, the 

combination treatment of WIP1 (2.5µM) with either RG7388 or HDM201 significantly 

potentiated the effect of the MDM2 inhibitors, GI50 values reduced to 0.013µM ±0.0008 and 

FF0.015µM ±0.0016, respectively (p>0.005) (Table 3.1 and Table 3.2).  

Considering both plots in (Figure 3.5), it can be concluded that one functional p53 allele is 

sufficient for MDM2 inhibitors to stabilise the activity of p53 and inhibit the cell growth 

activity. Interestingly, there was a significant difference in response to the two MDM2 

inhibitors (RG7388 and HDM201) whether on monoallelic TP53 NALM-6(-/+) or wild type 

p53 cells. Monoallelic TP53 NALM-6(-/+) cells were significantly sensitive to RG7388 than 

HDM201 (p=0.0014). Moreover, wild type TP53 NALM-6(+/+) cells were significantly 

sensitive to RG7388 than HDM201 (p=0.003). In addition, the combination of WIP1 inhibitor 

(2.5µM) has more significant potentiation effect of the MDM2 inhibitors (RG7388 and 

HDM201) on both monoallelic TP53(-/+) and wild type TP53(+/+) NALM-6 cells. 

Looking to the fold change differences in response to MDM2 inhibitors in the presence and 

absence of WIP1 inhibitors, there was differences in the average fold change of both RG7388 

and HDM201 with or without WIP1 inhibitor combination in response to either monoallelic 

TP53(-/+) or wild type TP53(+/+) NALM-6 cells. In monoallelic TP53 NALM-6(-/+) cells, 

the average fold change differences between the RG7388 ± WIP1 inhibitor was 0.024 and 
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between the HDM201 ± WIP1 inhibitor was 0.011. There was a factor of 2-fold change in the 

combination response of WIP1 inhibitor with RG7388 than HMD201 (Table 3.1). In contrast, 

wild type TP53 NALM-6(+/+) cells, the average fold change differences between the RG7388 

± WIP1i was 0.035 and between the HDM201 ± WIP1i was 0.013 which showed a factor of 

4-fold change in the combination response of WIP1 inhibitor with RG7388 than HMD201 

(Table 3.2). 

Figure 3.6, comparing between the efficacy of MDM2 inhibitors (RG7388 and HDM201) 

either on monoallelic TP53(-/+) or wild type TP53(+/+) NALM-6 cells. MDM2 inhibitors 

(RG7388 and HDM201) as a single agent had no significant GI50 inhibition differences in 

response neither on monoallelic TP53(-/+) nor wild type TP53(+/+) NALM-6 cells (Figure 

3.6 A&C). On the other hand, the combination of RG7388 with GSK2830371 significantly 

inhibited the growth activity of monoallelic TP53(-/+) compared to wild type TP53(+/+) 

NALM-6 cells. Monoallelic TP53(-/+) NALM-6 cells become significantly sensitive to the 

combination treatment of RG7388 with GSK2830371 compared to wild type TP53(+/+) 

NALM-6 cells (Figure 3.6 B). However, the combination of HDM201 with GSK2830371 had 

no significant difference in the GI50 inhibition effect on neither monoallelic TP53(-/+) nor 

wild type TP53(+/+) NALM-6 cells (Figure 3.6 C). 
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Figure 3.5 Summary of GI50 values for each individual experiment for p53 functional NALM-6 cell lines 

treated with MDM2 and WIP1 inhibitors. (A) heterozygous TP53(-/+) (B) wild type TP53(+/+). XTT assay 

determined the GI50 of RG7388 (n=6) and HDM201(n=4) in combination with or without GSK2830371 (2.5µM) 

for 72hrs. The response for MDM2 inhibitor (RG7388/HDM201) alone and in combination with WIP1i are 

shown in red and blue colours respectively. Each dot shows an independent repeat. Bars show the mean ± SEM. 

Statistical significance is identified by one tail paired t-test. (**, p <0.005; ***, p <0.0005). 
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Figure 3.6 Comparison between heterozygous and wild type TP53 NALM-6 cells in response to MDM2 

and WIP1 inhibitor. Heterozygous TP53(-/+) and wild type TP53(+/+) NALM-6 cells treated with wide ranges 

of RG7388 and HDM201 alone and in combination with GSK2830371 for 72hrs. XTT assay determined the GI50 

in response to the treatment, RG7388 (n=6) and HDM201(n=4) in combination with GSK2830371. Each dot 

represents an independent experiment. Bars show the mean ± SEM. Statistical significance is identified by one 

tail paired t-test. (**, p <0.005; ***, p <0.0005). 
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Table 3.1 The GI50 of MDM2 inhibitor (RG7388/HDM201) as a single agent and in combination with 

WIP1 inhibitor (2.5µM) on heterozygous TP53(-/+) NALM-6 cells. The fold changes represent the ratio of 

GI50 inhibition values for RG7388/HDM201 ± WIP1i. The GI50 values represent the average independent repeats 

±SEM. One tail t-test determine the p-value. 

 

 

 
Table 3.2 The GI50 of MDM2 inhibitors (RG7388/HDM201) as a single agent and in combination with 

WIP1 inhibitor (2.5µM) on the wild type TP53 NALM-6(+/+) cells. The fold changes represent the ratio of 

GI50 inhibition values for RG7388/HDM201 ± WIP1i. The GI50 values shown represent the mean of independent 

repeats ±SEM. One tail t-test determine the p-value. 
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 Diffuse large B-cell lymphoma OCI-Ly3 cells were more sensitive to HDM201 in the 

presence of the GSK2830371 WIP1 inhibitor 

OCI-Ly3 was included as another example of haematological B-cell linage to investigate the 

effect of the HDM201 and WIP1 (2.5µM) inhibitors (Figure 3.7). The OCI-Ly3 cells were 

treated with a range of HDM201 concentrations as a single agent and in a combination with 

WIP1 (2.5µM) inhibitors in three consecutive individual experiments. Following 72 hours 

treatment, the effects on cell growth were measured by XTT assay.  

(Figure 3.6 A) HDM201 as a single agent inhibits the OCI-Ly3 growth activity in a 

concentration dependent inhibition manner. The combination of WIP1 inhibitor with 

HDM201 induces the inhibition effect of the OCI-Ly3 growth activity in a concentration 

dependent inhibition manner. The combination of HDM201 with the WIP1 inhibitor, gives a 

HDM201 GI50 of 0.242µM ±0.02 in the presence of WIP1 inhibitor compared to HDM201 

alone which was 1.47µM ±0.06 (Figure 3.7) (Table 3.3). The graph shows the difference in 

OCI-Ly3 cells inhibition in response to HDM201 and in a combination with the WIP1 

inhibitor. It can be seen that WIP1 inhibitor alone does not have much inhibition of cell 

growth activity. However, there is a concentration-dependent decrease of OCI-Ly3 growth 

with HDM201. Furthermore, the combination of WIP1 inhibitor potentiates the effect of 

HDM201. The GI50 summary plots represents the concentration that inhibits 50% of OCI-Ly3 

growth activity and shows that the WIP1 inhibitor with HDM201 significantly inhibited the 

growth activity of OCI-Ly3 (p<0.005). The OCI-Ly3 cells become significantly more 

sensitive to MDM2 inhibitor (HDM201) in the presence of the WIP1 inhibitor (Figure 3.6 B).  
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Figure 3.7 The inhibition effect of HDM201 alone and in combination with GSK2830371 on the 

proliferation of the OCI-Ly3 cell line. (A) The growth inhibition measured by XTT assay for OCI-Ly3 cell 

line treated with different concentrations of HDM201 combined with or without WIP1i (2.5µM) for 72hrs. Each 

line shows an independent repeat of experiment (n=3) was averaged within itself. All % of growth was 

normalized to DMSO treatment for individual experiment and the error bars show the mean ±SEM of each 

concentration. (B) Summary of GI50 values for HDM201 with or without WIP1i of independent repeats (n=3). 

The error bar represents the overall mean ±SEM for the independent experiments. There was a significant 

difference between the mean values for HDM201 treatment with or without WIP1i (one tailed paired t-test 

p=0.007). 
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Table 3.3 The GI50 of HDM201 as a single agent and in combination with WIP1 inhibitor (2.5µM) on OCI-

Ly3 cells. The fold changes represent the ratio of GI50 inhibition values for HDM201 ± WIP1i.    

 

 Synergy Finder matrix combination studies for MDM2 and WIP1 inhibitors  

To extend the studies on the combination, matrix experiments were performed on a wide 

range of MDM2 (RG7388) and WIP1 inhibitor concentrations to determine whether there was 

any dose dependent synergistic effect of the combination treatment on the isogenic p53 

NALM-6 cells, mutant, heterozygous and wild type. Following 72 hours of treatment, the 

percentage inhibition of the cell culture proliferation was assessed using the XTT assay. The 

percentage inhibition results were averaged and normalized to the DMSO vehicle control. The 

experiment was repeated on three different consecutive cell passages, with intra-experimental 

triplicates for each single agent and combination concentrations. The WIP1 inhibitor 

concentrations used were 100, 300, 1000, 3000 and 10.000nM, and for RG7388 they were 10, 

30, 100, 300, 1000, 3000 and 10.000nM. The graphs and the ZIP (Zero Interaction Potential) 

synergy scores were generated using the synergyfinder.org online analysis tool. (Figure 3.8) 

shows the effect of the WIP1 and RG7388 inhibitor concentrations on the TP53 double 

knockout NALM-6(-/-) cells. Both MDM2 and WIP1 inhibitors as a single agent had very 

little inhibitory effect on the cell proliferation. The squares in the heat map diagram are 

designed to illustrate the percentage inhibition effect for the various concentration 
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combination treatments. There was some inhibition of cell growth activity at high 

concentrations. In general, the results were consistent with the anticipated lack of effect with 

non-functional p53 NALM-6(-/-) cells. The mean inhibition effect of RG7388 and WIP1 

inhibitor treatment across the concentration range was 4.89% (p=1.33e-14). (Figure 3.8 B) 

The heat map and the 3-D plots represent the ZIP synergy scores of the combination 

treatment, for which the average was -2.74 (p=4.71e-02), indicating a small degree of 

antagonism, mainly driven by the high dose effects.  
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Figure 3.8 The synergistic effect of RG7388 in combination with the WIP1 inhibitor on the NALM-6(-/-) 

cell line. The Matrix experiment designed to find the synergistic effect and the optimum highest concentration to 

obtain the greatest combination effect. The NALM-6(-/-) cell line, with mutant background on both p53 alleles, 

was treated with RG7388 and the WIP1 inhibitor for 72 hours. After the treatment incubation, the XTT assay 

was used to determine the cell viability. (A) The scatter plot graph shows the response of RG7388 and WIP1 

inhibitors as a single agent treatment (n=3). The matrix plot shows % inhibition of cell viability in response to 

the treatment ±SEM of three independent repeats. (B) The Zero Interaction Potency (ZIP) score with heat map 

and 3-D plot. The red colour shows the inhibition effect while the green colour shows the antagonism effect. The 

experiment was performed on independent consecutive cell passages with average ± SEM and the data was 

analysed through the Synergyfinder.org website. 
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 One functional allele of TP53 is sufficient for the inhibition of cell growth, and 

positive peak synergy scores at low doses, in response to MDM2 (RG7388) and 

WIP1 inhibitors 

(Figure 3.9) shows matrix experiment result of monoallelic TP53 NALM-6(-/+) cells, using a 

wide range of MDM2 (RG7388) and WIP1 inhibitor concentrations to determine the 

synergetic effect of the combination treatment.  

Treatment with RG7388 on its own showed a concentration-dependent inhibition of the cell 

proliferation, with a GI50 value of 46nM in comparison to the WIP1 inhibitor which showed a 

much higher GI50 value of >10µM (Figure 3.9 A). The mean inhibition effect of the 

concentration response matrix on the monoallelic TP53(-/+) NALM-6 cells was 80.72 (p<2e-

234) (Figure 3.9 B). The heat map model and the 3-D plots show the ZIP synergy score 

distribution of the combination treatments for which the average value was 6.57 (p=3.70e-04). 

The area with intensive red colour indicates the highest synergy score concentration 

combination, while the area with lighter colour indicates a lower synergy score. Green regions 

indicate additive to inhibitory combination concentrations. The peak ZIP synergy score 

occurred within 10-30nM of RG7388 in combination with a WIP1 inhibitor concentration 

between 1000-3000nM. The peak ZIP synergy score was 26.48 ±1.25. 
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Figure 3.9 The synergy effect of WIP1 and MDM2 inhibitors for growth inhibition of the monoallelic 

TP53 NALM-6(-/+) cells. (A) The scatter plot shows concentration response curve of single agent, RG7388 and 

GSK2830371. Representative dose response matrix analysis shows % inhibition of cell growth across range of 

RG7388 and GSK830371alone and in combination with average ± SEM (B) The synergistic landscape showed 

the ZIP synergy score in response to the treatment. The dark intensive red colour represents the highest synergy. 

The 3-D plot shows the peak ZIP synergy score in greater interpolated detail. Matrix experiment designed to find 

the synergistic effect and the optimum highest concentration to obtain the greatest combination effect. 

Monoallelic TP53 NALM-6(-/+) cell line treated with RG7388 and the WIP1 inhibitor for 72 hours and XTT 

assay determined growth inhibition. ZIP synergy score was determined at each dose combination and quantified 

by most synergistic area score. The experiment was performed on independent consecutive cell passages (n=3) 

and the data was analysed through the Synergyfinder.org website. 
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 The synergistic effect of the WIP1 inhibitor GSK2830371 on RG7388 is dependent 

upon wild type p53 

The similar matrix design experiment which was described in (3.3.8) for monoallelic TP53(-

/+) NALM-6 cells were also performed here to identify the effect of WIP1 and MDM2 

inhibitors in combination on the proliferation of homozygous (biallelic) TP53(+/+) wild type 

NALM-6. In particular, to determine optimal concentration ranges for any synergistic effect 

of the combination treatment on the wild type TP53(+/+) NALM-6 cells, and to compare the 

results found on the monoallelic TP53(-/+) NALM-6 knockout cells.  

The matrix result for wild type p53 NALM-6(+/+) cells (Figure 3.10 A) show that RG7388 as 

a single agent produced a concentration dependent inhibition of cell proliferation with a GI50 

value of 47nM. The GSK2830371 alone produced a maximum mean percentage inhibition 

value of 27.86% at the highest tested concentration (10µM). For concentrations of RG7388 

between (0-100nM) dose range, the combination of WIP1 inhibitor showed a concentration-

dependent synergistic effect. At higher doses of RG7388 the percentage inhibition is already 

maximal and there is no scope for further potentiation with the WIP1 inhibitor. The mean ZIP 

synergy score for the combination treatment on wild type p53 NALM-6(+/+) cells was 10.11 

(p=2.11e-07). The highest ZIP synergy scores occurred within the 10-30nM dose range of 

RG7388 in a combination with a WIP1 inhibitor concentration between 1,000-10,000nM. The 

mean ZIP score was 10.11, with a peak value of 33.93 ±1.74. 
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Figure 3.10 The inhibition effect of RG7388 in combination with GSK2830371 on the wild type TP53(+/+) 

NALM-6 cell line. A range of concentrations was used to find any synergistic combinations and to determine 

the highest concentration at which the greatest combination effect may occur. The cells were treated with 

RG7388 and the WIP1 inhibitor for 72 hours, following which cell viability reflective of cell culture 

proliferation was measured by XTT assay. (A)The scatter plot graph shows percentage inhibition effect of single 

agent treatment for RG7388 and WIP1 inhibitor (n=3). The matrix table shows the individual % inhibition effect 

for each combination treatment ±SEM. (B) The ZIP score on heat map and 3-D plot. The ZIP score provides a 

measure of the synergistic effect of combination treatment. On the heat map diagram, the intensity of the red 

colour represents the highest synergistic effect of the combination treatment.  

 

The following (Figure 3.11) showed a summary of the ZIP synergy score of the isogenic 

NALM-6 cells in response to RG7388 in a combination with WIP1 inhibitor. The ZIP synergy 

score of a combination treatment in response to wild type TP53(+/+) NALM-6 cells was 

10.11, while for the monoallelic TP53(-/+) NALM-6 cells was 6.57. In comparison, the 

double knockout TP53(-/-) NALM-6 cells showed a ZIP synergy score of (-2.74) in response 

to WIP1 inhibitor and RG7388 combination (Figure 3.11 A). 

The TP53 double knockout NALM-6(-/-) cells showed very low inhibition effect in response 

to the combination treatment due to missing of functional TP53 alleles. In contrast, both the 

monoallelic TP53(-/+) and wild type TP53 (+/+) NALM-6 cells showed smaller inhibition 
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(%) effect in response to the combination treatment (80.72 and 78.2%) (Figure 3.11 B). 

Interestingly, wild type TP53(+/+) NALM-6 cells showed significantly higher peak synergy 

score compared to both the monoallelic TP53(-/+) and TP53(-/-) double knockout NALM-6 

cells (p>0.005) and (p>0.0005). Moreover, monoallelic TP53(-/+) NALM-6 cells showed 

significant high peak synergy score compared to TP53(-/-) double knockout NALM-6 cells 

(p>0.0005) (Figure 3.11 C). 

 

 
Figure 3.11 Summary plot displaying the synergy score for RG7388 in combination with WIP1 inhibitor 

determined by zero interaction potency (ZIP) model. The isogenic TP53 NALM-6 cells treated with wide 

range concentrations of GSK2830371 in combination with RG7388 for 72hr. The cell viability was determined 

by XTT assay. The experiment repeated on three different passage cell line (n=3). (A) Average ZIP synergy 

score. (B) Peak inhibition synergy score. (C) Peak ZIP synergy scores. The error bar represents the ±SEM of 

repeated independent experiments. The ZIP score analysed using Synergyfinder.com. 
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 GSK2830371 WIP1 inhibitor increases the stabilisation effect of RG7388 on p53 in 

both monoallelic TP53 (+/-) knockout and wild type TP53 (+/+) bi-allelic NALM-6 

cells 

Western immunoblots were performed to determine the changes in the levels of p53 and 

expression of specific p53 transcriptional target proteins in both the monoallelic TP53(-/+) 

NALM-6 and TP53(+/+) biallelic parental cells after treatment with MDM2 and WIP1 

inhibitors. The cells were exposed to different concentrations of RG7388 (0.1 and 0.5μM) 

with and without 2.5μM WIP1 inhibitor for two different time points, 6 and 24 hours. The 

densitometry analysis represents the change in the protein in response to the treatment relative 

to DMSO for 6 and 24 hours (Figure 3.11 B&C). 

In (Figure 3.12), western blotting showed a concentration-dependent increase in the total p53 

protein level and its transcriptional targets, WIP1, MDM2 and p21, in response to RG7388 

relative to DMSO for both 6 and 24 hours. Moreover, loss of WIP1 protein with GSK2830371 

(2.5μM). In addition, combination with WIP1 inhibitor increased the expression of p53, 

MDM2 and p21 following 6 hours treatment compared to treatment with RG7388 (0.1µM) 

alone. In contrast, total p53 protein level and its transcriptional targets did not show much 

change with combination of WIP1 inhibitor and RG7388 (0.5µM). The WIP inhibitor at 

(2.5μM) has a dual action of both induces the degradation of WIP1 protein and inhibits its 

phosphatase activity. The combination treatment shows evidence of p53 stabilisation and 

increase in the level of the p53 transcriptional target gene proteins, p21 and MDM2, at 6 and 

24 hours. The densitometry analysis showed concertation dependent increase in p53 and 

MDM2 in response to RG7388 alone and in combination of WIP1 inhibitor at 6 and 24 hours 

(Figure 3.12 B&C).  

The phosphorylation activity of p53 is not detected with either RG7388 treatment alone or in 

combination with WIP1 inhibitor relative to the DMSO at 6 and 24 hours (Figure 3.12 B&C). 

However, at 24 hours treatment, the appearance of cleaved PARP (cPARP) indicates that the 

cells are undergoing apoptosis. Interestingly, the cPARP signal relative to full-length PARP is 

stronger following combination treatment with (0.5µM) RG7388 and (2.5µM) GSK2830371 

compared with the effect of (0.5µM) RG7388 alone, showing potentiation of RG7388 induced 

cytotoxicity by the WIP1 inhibitor.  
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Figure 3.12 Western immunoblots of heterozygous TP53(-/+) NALM-6 cells treated with MDM2 and 

WIP1 inhibitors for 6 and 24 hours. Heterozygous TP53(+/+) NALM-6 cells treated with RG7388 (0.2, 

0.5μM) alone and in combination with GSK2830371 (2.5μM). (A) RG7388 stabilises the activity of p53 target 

protein and the combination of GSK2830371 showed further stabilisation. GAPDH was used as the loading 

control. Doses of RG7388 represent 5× and 10× the GI50 concentrations. All strips were from the same 

membrane which was cut into three. The top strip was probed for WIP1, MDM2 and PARP; the middle for pp53, 

p53 and GAPDH; and the third with p21 antibody. (B) Densitometry analysis of protein expression at 6 and (C) 

24 hours. There was a concentration dependent increases in the TP53 target proteins in response to RG7388 and 

RG7388 with WIP1 inhibitor. The cell lysate was collected from n=1 independent experiment. The mean pixel 

density ratio for all proteins was background corrected and the values were normalized relative to GAPDH, 

except cPARP for which the ratio was calculated relative to full length PARP. 
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The western immunoblots of a wild type TP53(+/+) NALM-6 cells were performed to 

investigate the changes in the p53 target protein levels (Figure 3.13). The cells were treated 

with both WIP inhibitor at (2.5μM) and RG7388 at 0.2μM and 0.5μM. The concentrations 

were selected based on 5x and 10x including the GI50 value of single and combination effect 

for 6 and 24 hours. Densitometry analysis represents the change in the protein in response to 

the treatment relative to DMSO for 6 and 24 hours (Figure 3.13 B&C).   

The western blot showed that RG7388 stabilises the activity of p53 protein and its targets 

including WIP1, MDM2 and p21 in a concentration dependent induction manner with an 

increase in treatment response at 6 and 24 hours. Moreover, phosphorylation activity of p53 is 

induced with the increases in response to the treatment. 

In the combination treatment, the additional of the WIP1 inhibitor (2.5μM) potentiated the 

stability of the total p53 protein which also increase the expression of its target proteins such 

as MDM2 and p21, compared to the treatment with RG7388 treatment alone. Furthermore, 

(2.5μM) of WIP1 inhibitor was sufficient to degrade the WIP1protein synthesis expression 

and induces the activity of RG7388. The densitometry analysis showed concentration 

dependent increase in MDM2, p53, Pp53 and p21 protein levels in response to RG7388 alone 

and further with combination of WIP1 inhibitor at 6 hours (Figure 3.13 B). Total p53 was 

increased with RG7388 and WIP1 inhibitor combination treatment at 24 hours (Figure 3.13 

C). 

Phosphorylated p53 was induced with a combination of WIP1 inhibitor with RG7388 in a 

concentration dependent manner at 6 hours but could not be detected at 24 hours. Moreover, 

total PARP was detected at 6 hours with no expression of cPARP in response to the treatment. 

However, by 24 hours treatment, the expression of total PARP expression was decreased and 

the cPARP was induced which indicates the cells are undergoing apoptosis. Interestingly, the 

cPARP signal relative to full-length PARP is stronger following combination treatment with 

RG7388 (0.5µM) and GSK2830371 (2.5µM) compared with the effect of RG7388 (0.5µM) 

alone, showing potentiation of RG7388 induced cytotoxicity by the WIP1 inhibitor.  
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Figure 3.13 Western immunoblots of wild type TP53(+/+) NALM-6 cells in response to MDM2 and WIP1 

inhibitors. Wild type TP53(+/+) NALM-6 cells treated withRG7388 (0.2, 0.5μM) alone and in combination with 

GSK2830371 (2.5μM) for 6 and 24 hours. (A) RG7388 stabilises the activity of p53 target protein in 

concentration dependent manner and the combination of WIP1 inhibitor further stabilises their activity. GAPDH 

was used as the loading control. Doses of RG7388 represent 5× and 10× the GI50 concentrations. All strips were 

from the same membrane which was cut into three. The top strip was probed for WIP1, MDM2 and PARP; the 

middle for pp53, p53 and GAPDH; and the third with p21 antibody. (B) Densitometry analysis of protein 

expression at 6 and (C) 24 hours. There was a concentration dependent increases in the TP53 target proteins in 

response to RG7388 and RG7388 with WIP1 inhibitor. Western blot and densitometry analysis performed for 

n=1 independent experiment. The mean pixel density ratio for all proteins was background corrected and the 

values were normalized relative to GAPDH, except cPARP for which the ratio was calculated relative to full 

length PARP.  
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 The combination of WIP1 inhibitor with RG7388 increased the transcription of p53 

target genes 

To further investigate the mechanism and transcriptional consequences of increased p53 

stabilisation and phosphorylation due to WIP1 phosphatase inhibition, quantitative reverse 

transcriptase PCR (qRT-PCR) was used to measure mRNA changes in the expression of the 

TP53 target genes. A selected panel of gene transcripts was tested to identify the effect of 

MDM2 and WIP1 inhibitors on wild type TP53(+/+) NALM-6 cells after 6 hours of treatment. 

The wild type TP53 cells were treated with WIP1 inhibitor at 2.5μM in combination with 

RG7388 at (0.2μM) and (0.4μM). The fold change in gene expression was calculated by 

normalization to DMSO and Actin. The set of genes in the panel was categorized based on 

their functions into TP53 negative regulator feedback (PPM1D, MDM2, TP53, TP53INP1), 

cell cycle arrest (CDKN1A), pro-apoptotic (PUMA, NOXA, BAX) and anti-apoptotic (MCL1, 

BCL2) genes.  

The mRNA expression of TP53 target genes, PPM1D, MDM2, TP53, TP53INP and 

CDKN1A, was increased with RG7388 treatment as a single agent in a concentration 

dependent manner (Figure 3.14 B-C). Moreover, the combination treatment of WIP1 inhibitor 

(2.5µM) with RG7388 also showed an induction in the fold change expression of TP53 target 

genes with a concentration dependent increase in response to RG7388 (0.2µM). In contrast, 

the expression of TP53 target genes, MDM2, TP53, TP53INP1 and CDKN1A are reduced in 

response to WIP1 inhibitor in combination with RG7388 (0.4µM) relative to RG7388 

(0.4µM) alone. Moreover, the RQ value at the higher concentration of RG7388 (0.4µM) is 

reduced by the WIP1 inhibition. 

Interestingly, the mRNA expression of the PPM1D gene was reduced in the presence of the 

WIP1 inhibitor (2.5µM) for both single and combination treatment with RG7388 (Figure 3.14 

B). In contrast, the presence of WIP1 inhibitor (2.5µM) significantly increased the mRNA 

expression of the other p53 target genes (PPM1D, MDM2, TP53, TP53INP and CDKN1A) 

compared to (0.2µM) RG7388 treatment alone (Figure 3.14 B&C). However, the combination 

treatment of WIP1 inhibitor (2.5µM) with at the higher dose of RG7388 (0.4µM) slightly 

reduced the mRNA expression of MDM2, TP53INP1 and CDKN1A.  

For the pro-apoptotic genes, the PUMA (BBC3) gene showed the highest fold change in 

mRNA expression with RG7388 treatment, compared to NOXA (PMAIP1) and BAX (Figure 

3.14 D). Moreover, RG7388 as a single agent treatment induced the mRNA expression of 

PUMA and BAX in a concentration dependent manner, but not for NOXA.  
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In addition, the combination treatment of WIP1 inhibitor (2.5µM) and RG7388 induced the 

fold change expression of PUMA and BAX genes in relative to DMSO. In contrast, the NOXA 

gene showed a reduction in the mRNA expression with a combination of WIP1 inhibitor and 

RG7388 relative to DMSO. Generally, with the doses used combination treatment with WIP1 

inhibitor with RG7388 reduces the mRNA expression of pro-apoptotic genes, PUMA, NOXA 

and BAX, compared to RG7388 treatment alone.  

For the anti-apoptotic genes, the MCL1 mRNA was significantly increased with RG7388 

alone and in a combination of WIP1 inhibitor with RG7388 relative to DMSO (Figure 3.14 

E). The addition of WIP1 inhibitor reduced the fold change expression of RG7388 alone at 

(0.4µM), and there was no significant change in combination with (0.2µM) RG7388. In 

contrast, BCL2 mRNA expression showed little change with either RG7388 alone or in 

combination with WIP1 inhibitor. However, RG7388 (0.4µM) produced a slight increase in 

mRNA expression and the combination of WIP1 inhibitor reduced that expression. 
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Figure 3.14 The mRNA expression of p53 transcriptional target genes of wild type TP53(+/+) by qRT-

PCR. (A) Fold changes in mRNA expression of selected p53 transcriptional target genes in response to either 

RG7388 (0.2-0.4μM) as a single agent and in a combination with (2.5μM) WIP1i (GSK2830371) for 6 hours 

relative to DMSO solvent and GAPDH. (B) Fold change in mRNA expression of p53 dependent targe genes (C) 

pro-apoptotic (D) cell cycle arrest and (E) anti-apoptotic genes. The cell lysate was collected from (n=1) 

experiment. Statistical significance was determined by t-test one tail between with and without WIP1i 

treatments. Only the statistical significance differences for treatment with or without WIP1i are indicated above 

the bars (****, p < 0.00005). GAPDH was used as endogenous control and DMSO treated cells were used as the 

calibrator between three replicated intra-experimental wells, showing the error bar of ± standard error of mean 

(SEM). RQ values were calculated based on the formula 2ΔΔCt. 
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3.4 Discussion 

 

Considering the crucial function of p53 in preventing aberrant cell proliferation, maintaining 

genomic integrity and influencing the response to chemotherapy (Brown et al., 2009; Chène, 

2003; Vu et al., 2013; Ding et al., 2013) this will rise an interest of using WIP1 inhibitor in a 

combination with MDM2 inhibitor to develop a new pharmacological strategy aimed at 

increasing the activity of functional p53. In this Chapter, haematological B-cell lines (NALM-

6 and OCI-Ly3) were evaluated in response to MDM2 and WIP1 inhibitors. In addition, the 

p53-transcriptional activity, including pro-apoptotic gene expression specific to p53-targeted 

was identified.  

The WIP1 inhibitor up to 10µM had little effect on the growth of isogenic p53 NALM-6 cells. 

The genetic TP53 background of NALM-6 cells did not make any difference to the lack of 

response to the WIP1 inhibitor alone. The principal mechanism of the WIP1 inhibitor depends 

upon the increased phosphorylation and stabilisation of p53 compared with the effect of the 

MDM2 inhibitor alone. For initial combination experiments WIP1 inhibitor at (2.5µM) was 

chosen as the highest concentration that alone does not have an effect on cell growth, based 

on experiments here as well as has been found from our group with different cancer cell line 

models (Chamberlain et al., 2021; Wu et al., 2018, 2021, 2022).  

Esfandiari, A. and his colleagues investigated a panel of TP53 wild-type and mutant/null cell 

line pairs differing in their PPM1D genetic status and found them to be generally in-sensitive 

to growth inhibition by single agent GSK2830371. However, combination with MDM2 

inhibitors (nutlin-3/RG7388) in TP53 wild-type cell lines induce cell death by decreasing 

WIP1 expression leading to increased p53 Ser15 phosphorylation, which was known to 

increase p53 transcriptional activity (Esfandiari et al., 2016). 

The treatment of p53wt cancer cells with MDM2 antagonists has been clearly demonstrated to 

disrupt the MDM2-p53 binding interaction and activate p53, leading to cell cycle arrest both 

in-vitro and in-vivo. Furthermore, second generation of MDM2 inhibitors such as idasanutlin 

(RG7388), HDM201 (siremadlin) or AMG232, reduce off-target effects and show little or no 

effect in p53 non-functional cells at doses which strongly inhibit the growth and proliferation 

of wild-type p53 cells (Ding et al., 2013; Sun et al., 2014). 

Several reports indicated a lack of induction of apoptosis in multiple p53wt cells treated with 

MDM2 antagonists. Some studies also suggested that treatment of p53wt cells with MDM2 

antagonists reduced cell apoptosis. Tovar and Paris in their study reported that nutlin-3a 
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strongly induced cell cycle arrest in 10 different p53wt cell lines at doses which, in most of 

these cell lines, barely induced apoptosis (Tovar et al., 2006; París et al., 2008). Similarly, 

Paris and Huang et al, reported that nutlin-3a induced cell cycle arrest and a senescence-like 

state in several cell lines, however in most of these cell lines proliferation resumed once the 

drug was removed (Huang et al., 2009; París et al., 2008). 

The effect of MDM2 inhibitors (RG7388/HDM201) is dependent on the stabilisation of p53 

proteins and the function of TP53 transcriptional target genes. In the current study the MDM2 

inhibitor as a single agent treatment showed a concentration dependent inhibition of cell 

growth with a concentration dependent induction of p53 activity. 

Various small-molecule inhibitors of MDM2-p53 interaction, including SAR405838, MK-

8242, DS-3032b, NVP-CGM097, RG7112, HDM201, RG7388, ALRN-6924 and AMG 232, 

are undergoing assessment at different clinical trial phases for cancer therapy 

(ClinicalTrials.gov). However, challenges still exist and the development of resistance to 

these MDM2 inhibitors has been observed after prolonged treatment. Therefore, combining 

MDM2 inhibitors with other agents might be effective and promising strategies against the 

acquired resistance (Liao et al., 2018). 

The p53 protein in both monoallelic and wild type NALM-6 cells was able to be stabilised by 

the MDM2 inhibitor in a concentration dependent manner to increase p53 activity. There was 

2-fold differences in the RG7388 response between the p53 heterozygous (mono-allelic) and 

wild type (bi-allelic) NALM-6 cells (Table 3.1 and Table 3.2). Furthermore, the combination 

of WIP1 inhibitor at (2.5µM) potentiated the concentration dependent effect of RG7388 in 

both p53 heterozygous and wild type NALM-6 cells. The potentiation by WIP1 inhibitor was 

dependent on the stabilisation effect of RG7388 on wild type p53 rather than the effect of 

WIP1 inhibitor by itself. The potentiation by the WIP1 inhibitor was seen in both the 

heterozygous and wild type p53 NALM-6 cells (Figure 3.5). Indeed, the WIP1 inhibitor 

showed similar potentiation of RG7388 activity in p53 wild type TP53(+/+) and monoallelic 

TP53(+/-) NALM-6 cells (Table 3.1 and Table 3.2). Interestingly, one functional TP53 allele is 

sufficient to stabilises p53 protein activity on both wild-type TP53(+/+) and monoallelic 

TP53(+/-) NALM-6 cells in response to RG7388. In addition, monoallelic TP53(+/-) NALM-6 

cells were more sensitive to the RG7388 than wild-type NAML-6 cells have two functional 

TP53(+/+) alleles (Figure 3.5).  

OCI-Ly3 was also investigated as a B-cell line of lymphoid lineage. The cells were treated 

with 2.5µM of WIP1 inhibitor and in a combination with HDM201 (siremadlin), a second-
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generation MDM2 inhibitor. OCI-Ly3 cells are wild type for TP53. The WIP1 inhibitor 

(2.5µM) as a single agent again did not have any inhibitory effect on cell growth. By contrast, 

HDM201 as a single agent showed a concentration dependent inhibition of the cell growth. 

Furthermore, combination with the WIP1 inhibitor (2.5µM) significantly potentiated the 

inhibition effect of HDM201 inhibitor (Figure 3.7) (p<0.005). Interestingly, OCI-Ly3 cells are 

less sensitive to the HDM201 treatment than both monoallelic TP53(-/+) and wild type (bi-

allelic) TP53(+/+) NALM-6 cells. The average GI50 of HDM201 on OCI-Ly3 is 1.47µM ±0.06, 

(Figure 3.3) while on monoallelic TP53(-/+) is 0.11µM ±0.02 and 0.14µM ±0.01 on (bi-allelic) 

TP53(+/+) NALM-6 cells (Table 3.1 and Table 3.2). 

Similar with my finding, novel potent MDM2-p53 antagonist, ASTX295, was founded to be 

more selective in response to panel of cell lines derived from haematological malignancies 

with wild type p53. It was reported that NALM-6 cells were more sensitive in response to 

MDM2-p53 antagonist than OCI-Ly3 cells. In addition, the OCI-Ly3 cells were the lowest 

sensitive cells in response to ASTX295 compared to the panel of the haematological 

malignancies cells which were included in the study (Willmore et al., 2020; Aptullahoglu, 

Wallis, et al., 2023). 

In the literature, NVP-CGM097, p53-HDM2 inhibitor selective for MDM2 antagonist, was 

tested on a panel of 113 p53wt and 243 p53mut cell lines (Jeay et al., 2015). Interestingly, Jeay 

and his colleagues reported that even though, most of the p53mut cancer cell lines were 

exclusively resistant to MDM2 antagonists, however 70 out of 113 p53wt cells were non-

responsive to the NVP-CGM097 (Jeay et al., 2015). In these insensitive cases, wild type p53 

status alone was not sufficient to provide a response to MDM2 antagonists and the additional 

of other factors were required to modulate the p53 pathway and induce apoptosis (Jeay et al., 

2015).  

Suggested examples of factors which could influence response include some MDM4 regulator 

molecules such as exportin (XPO1) (Yoshimura et al., 2014), or nucleophosmin could block 

the activation of p53 in some p53wt cells (Colombo et al., 2002). Moreover, p53wt cells with 

low MDM2 levels are assumed to be poor targets for MDM2 antagonist therapy due to the 

lack of molecular targets and absence of MDM2 gene amplification (Skalniak et al., 2018).  

Interestingly, p53wt cell lines that express strong evidence of p53 activation through induction 

of p21 expression level in western blot results showed an ability of stop the cell cycle in 

response to idasanutlin treatment although, the degree of apoptosis was variously induced in 
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response to the drug. Thus, the downstream target factor molecules of p53 regulators need to 

be investigated in the presences of idasanutlin treatment (Skalniak et al., 2018).  

Caspase 3 activation was reported to induce apoptosis of p53wt cell lines in response to the 

nutlin-3 treatment (Saha et al., 2010). However, low apoptotic induction in MCF-7 cells was 

attributed to lack of caspase 3 activity (Jänicke, 2009; Jänicke et al., 1998). On the other hand, 

both U-2 OS and SJSA-1 cells carry MDM2 gene amplifications (Drummond et al., 2016; 

Flørenes et al., 1994) and show high basal expression of MDM2 proteins. Both U-2 OS and 

SJSA-1 cells showed an increase in p53 induction in a concentration dependent manner with 

MDM2 antagonists idasanutlin treatment and a negative feedback loop for p53 activity (Wu et 

al., 1993). Although, MDM2 protein expression in both SJSA-1 and U-2 OS cells was 

increased in response to idasanutlin, SJSA-1 cells showed stronger and more rapid MDM2 

protein induction than U-2 OS cells (Kojima et al., 2006a; Skalniak et al., 2018). 

Consequently, the inability of MDM2 antagonist to induce apoptosis in some cancer cells has 

been suggested to allow time for them to gain additional mutations that confer resistance to 

the MDM2 inhibitors. Initially, this was reported in response to the first generation MDM2 

antagonist, Nutlin-3a, (Michaelis et al., 2011; Aziz et al., 2011; Wei et al., 2013), and then 

followed later with the further generation compounds, i.e., SAR405838 (Jung et al., 2016; 

Gianna Hoffman-Luca et al., 2015), MI-63 (Drummond et al., 2016), and HDM201 (Chapeau 

et al., 2017). 

Combination treatment has been explored as a strategy to obviate the potential problem of the 

development of resistance to MDM2 inhibitors. In the current study, matrix experiments were 

designed to examine whether the exposure of a wide range of WIP1 and MDM2 inhibitor 

concentrations identified synergistic concentration ranges. Mutant p53 NALM-6(-/-) showed 

very little inhibition of cell proliferation or viability up to high concentrations (10µM) of 

RG7388 and GSK2830371 (Figure 3.8). In contrast, both the p53 heterozygous (Figure 3.9) 

and wild type NALM-6 cells (Figure 3.10), which express functional TP53 genes, showed a 

concentration dependent inhibition in response to RG7388 treatment. In addition, the 

combination of WIP1 inhibitor showed a potentiation effect of the p53 activity in a 

concentration dependent manner. Further to that, the combination treatment of WIP1 with 

MDM2 inhibitors generated a synergetic effect on functional p53 NALM-6 cells, however the 

bi-allelic wild type p53 NALM-6 cells showed a greater synergistic effect than the 

monoallelic heterozygous NALM-6 cells (Figure 3.11). 
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Western blot results showed stabilisation of p53 protein in both p53 heterozygous (Figure 

3.12) and wild type NALM-6 cells (Figure 3.13) with RG7388 in a concentration dependent 

manner. In addition, the combination of WIP1 inhibitor (2.5µM) induced greater stabilisation 

of p53 compared to RG7388 alone for both 6 and 24 hours timepoints. Furthermore, the 

transcriptional expression of p21 and MDM2, the p53 transcriptional target proteins, were 

induced more with combination of WIP1 inhibitor treatment compared to RG7388 single 

treatment. Moreover, cPARP protein was detected at 24 hours and was induced to a greater 

extent with WIP1 inhibitor combination compared to RG7388 alone.  

Looking at the changes in the mRNA level, CDKN1A, a cell growth arrest gene showed the 

highest fold change in expression across all the genes in the panel with a concentration 

dependent increase with the concentration of either RG7388 (0.2µM) alone or in a 

combination with WIP1 inhibitor (2.5µM) (Figure 3.14 C). Moreover, higher concentration of 

RG7388 at (0.4µM) showed an increased in the fold change expression of CDKN1A however, 

the combination of WIP1 inhibitor reduced the expression due to concentration and the CLL 

cells might dead. 

Furthermore, p53 negative regulatory genes, MDM2, TP53 and TP53INP1 showed 

concentration dependent increase in their fold change expression with RG7388 and WIP1 

inhibitor combination treatment relative to the DMSO (Figure 3.14 B). Furthermore, WIP1 

inhibitor combination with RG7388 induced the fold change expression of TP53 target genes 

in a concentration dependent manner with RG7388. Although, the RG7388 concentrations, 

which were chosen for the qRT-PCR experiments, were high compared with the (10-30nM) 

dose range of maximum synergy seen in your matrix combination experiments. Thus, the RQ 

value at the combination of WIP1 inhibitor potentiates the effect of RG7388 at (0.2µM) and 

induces the expression of TP53 target genes. In comparison, combination of WIP1 inhibitor 

with RG7388 at (0.4µM) reduces TP53 target genes expression.  

Interestingly, the mRNA expression of the PPM1D gene was reduced in the presence of the 

WIP1 inhibitor (2.5µM) for both single and combination treatment with RG7388 (Figure 3.14 

B). In contrast, the presence of WIP1 inhibitor (2.5µM) significantly increased the mRNA 

expression of the other p53 target genes (PPM1D, MDM2, TP53, TP53INP and CDKN1A) 

compared to (0.2µM) RG7388 treatment alone (Figure 3.14 B&C). However, the combination 

treatment of WIP1 inhibitor (2.5µM) with at the higher dose of RG7388 (0.4µM) slightly 

reduced the mRNA expression of MDM2, TP53INP1 and CDKN1A. These results are 

consistent with previous studies showing an induction of p53 negative regulatory genes 

following treatment with MDM2 inhibitors in combination with WIP1inhibitor in response to 
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a panel of Uterine Leiomyosarcoma, ovarian, liver adenocarcinoma and cutaneous melanoma 

cell lines, respectively (Wu et al., 2018, 2022; Chamberlain et al., 2021; Zanjirband et al., 

2016). 

For the pro-apoptotic genes, PUMA showed the highest fold changes expression compared to 

NOXA and BAX. Moreover, RG7388 induced the fold change expression of the pro-apoptotic 

genes, PUMA, NOXA and BAX in a concentration dependent manner however, the 

combination of WIP1 inhibitor reduced their expression (Figure 3.14 D). In similar concept, 

Ciardullo et al. was reported an induction in the expression of the pro-apoptotic PUMA gene 

was dominant response in CLL cells after RG7388 treatment (Ciardullo et al., 2019). 

On the other hand, the anti-apoptotic genes, MCL1 showed a concentration dependent 

induction in their fold change mRNA expression with both RG7388 and combination of WIP1 

inhibitor. However, BCL-2 showed little change in expression with treatment relative to 

DMSO (Figure 3.14 E). 

In the study by Skalniak, L and co-workers, found that cancer cells could be resistant to 

idasanutlin not only due to the de novo appearance of DNA mutations but also with pre-

existing cells. Specially, since the monoclonal p53wt U-2 OS cells were carry the resistant cell 

clones in their population in response to idasanutlin (Skalniak et al., 2018).   

In conclusion, the current study demonstrated that GSK2830371, a WIP1 inhibitor, alone up 

to 10µM showed no growth-inhibitory activity. Conversely, MDM2 inhibitor, RG7388 and 

HMD201, showed a dose dependent inhibition on cell growth activity. Moreover, the 

combination of GSK2830371 further potentiated the growth-inhibitory and activity of MDM2 

inhibitors by increasing phosphorylation and stabilisation of p53 in functional p53-dependent 

manner. 
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4.1 Introduction 

 

Several studies have investigated the effect of combining GSK2830371, with RG7388, on 

various types of cancer cells. Pechackova suggested that WIP1 phosphatase inhibition might 

be a promising therapeutic strategy for breast cancer treatment, particularly in combination 

with MDM2 antagonists (Pechackova et al., 2016). The Genomic alterations of PPM1D can 

be massively identified as amplifications of chromosome 17q, frequently observed in ovarian 

and breast cancer (Bulavin et al., 2002; Li et al., 2002; Lambros et al., 2010; Rauta et al., 

2006; Tan et al., 2009). The combination of GSK2830371 and nutlin-3 had a synergistic effect 

on p53 activation and increased the expression of p53-target genes, reducing cell viability and 

inducing apoptosis (Pechackova et al., 2016). 

In this chapter a panel of 11 freshly isolated primary CLL samples was used to assess the 

efficacy of RG7388 as a single agent and in combination with the GSK2830371. The MDM2-

p53 binding antagonist RG7388 (idasanutlin) is one of a novel class of anti-cancer therapy, 

which acts by disrupting the interaction between p53 and MDM2 to non-genotoxically 

activate p53 wild type. The overall aim of the study was to provide pre-clinical investigations 

to support the clinical evaluation of RG7388 alone and/or in combination with a WIP1 

inhibitor for CLL patients, to improve outcome and reduce drug toxicity. 

 

4.2 Hypothesis and Aims 

 

In the current chapter, results are described for experiments to determine whether this synergy 

extended to ex-vivo tested primary CLL cells.  

 All CLL cell samples were obtained with appropriate consent from the peripheral blood of 

patients who had been diagnosed with CLL disease. Following informed consent, the CLL 

samples were collected and stored under the auspices of the Newcastle Biobank, according to 

the institutional guidelines and the Declaration of Helsinki (http://www.ncl.ac.uk/biobanks/). 

CLL diagnosis was identified according to the IwCLL-164 NCI 2008 criteria (Hallek, Cheson, 

et al., 2018; Hallek, Shanafelt, et al., 2018). 
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4.3 Evaluating ex-vivo effects of MDM2/p53 antagonists as single agents in patient 

derived CLL cells 

 Characterisation of the CLL cohort 

Eleven primary CLL samples were included in this study. Some characteristics of the CLL 

patients, including TP53 status, are summarised in (Table 4.1). Clinical information, including 

disease stage and treatment, were provided by the attending physician.  
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299 71 F  none none WT 6 

302 73 M C FCR, Ibrutinib    WT 0.56 

303 64 F C none del(13q) WT 0.26 

304 88 F A none  WT 0.26 

305 81 M  none none WT 0.31 

306 77 F C C, F, FCR  WT 0.75 

307 78 M C none del(13q) WT 0.49 

308 74 M A none  WT 0.15 

309 61 M A none del(13q) WT 2.68 

310 74 F  none  WT 0.57 

311 54 M 
 

none del(11q)  WT 0.26 

312 83 F A none 
 

WT 0.12 

313 80 F A none 
 

WT 0.17 

314 68 M C C (2017) Ven (11/2019) 
 

WT 0.23 

315 70 F C none 
 

WT 0.86 

316 79 M  none  WT 1.46 

317 75 M B none  WT 0.90 

1TP53 status was determined by the stabilization of p53 protein by western 

blot after treatment with MDM2 inhibitors. 

Blank boxes indicate that there was no data available. 

C: Chlorambucil, F: Fludarabine, FCR:  Fludarabine + Cyclophosphamide 

+ Rituximab, Ven: Venetoclax. 

Table 4.1 Characteristics of the CLL cohort patient samples tested ex-vivo with MDM2 inhibitors. 
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4.4 Results  

 

 The cytotoxic effect of GSK2830371 WIP1 inhibitor on primary CLL cells 

 

To evaluate the effect of WIP inhibition, 11 different primary CLL samples were treated with 

GSK2830371 (2.5µM) for 48 hours. DMSO was used as vehicle control. Following the 

treatment time, primary CLL cells viability was measured by XTT assay. The inhibitory effect 

was normalized to the effect of DMSO solvent alone to determine the percentage CLL cell 

viability. The WIP1 inhibitor at 2.5µM was identified to be the highest concentration that did 

not cause much inhibition in the cells viability based on NALM-6 cells result in the Chapter 

3. 

Prior results had shown that 2.5µM of the GSK2830371 WIP1 inhibitor, while reducing WIP1 

catalytic activity and protein levels, alone does not have significant inhibitory effect on the 

viability of a wide range of cell lines (Wu et al., 2021; Esfandiari et al., 2016; Wu et al., 

2022). This was also observed in the experiments described in the previous Chapter 3 for 

isogenic p53(-/+) knockout NALM-6 cells, in which (2.5µM) GSK2830371 showed little 

inhibitory effect on cell viability. In the present Chapter 4:, results are described first for the 

effect of 2.5µM GSK2830371 on the viability of primary CLL cells (Figure 4.1).  
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Figure 4.1 The ex-vivo effect of WIP1 inhibitor on the viability of primary CLL cell. Different primary CLL 

samples (n=11) treated with GSK2830371 (2.5µM) for 48hors. XTT was used to assessed cell viability. Each 

experiment was performed once on the primary CLL cells with three intra-replicates for each concentration. Bars 

show the mean ± SEM of intra-replicate within the experiment. All % of cell viability was normalized to DMSO 

treatment for individual experiment. (SEM, standard error of the mean). 

 

Figure 4.2 illustrates the effect of WIP inhibitor (2.5µM) on viability across the panel of 

primary CLL samples. (Figure 4.2 A) shows the absolute XTT absorbance values and (Figure 

4.2 B) shows the inhibitory effect of WIP1 inhibitor normalised to DMSO only control values. 

Despite considerable variation in the basal metabolic activity XTT readings between the CLL 

samples, the GSK2830371 WIP inhibitor (2.5µM) did not had much inhibition effect on the 

basal CLL sample cell viability in the majority of the CLL cell cohort (Figure 4.2 B). 

Although, some of primary CLL cell samples showed very low cell metabolic activity level 

compared to the others. However, regardless of this, the effect of GSK2830371 did not change 
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the metabolic activity of the CLL cells (Figure 4.2 A). CLL309 showed the lowest cell 

metabolic activity compared to the other CLL cells in the cohort. Although, WIP inhibitor 

(2.5µM) did not show inhibition effect on the CLL cells metabolic activity. 

 
Figure 4.2 Summary of the viability of primary CLL patient samples in response to WIP1 inhibitor 

(2.5µM). (A) The XTT assay raw data absorbance values at 450nm. (B) The viability of the CLL cells with 

DMSO normalization for each corresponding sample. CLL samples (n=11) treated with GSK2830371 (2.5µM) 

for 48 hours and the CLL cell viability was determined by XTT assay. The bars represent the intra-replicates for 

each concentration. Each line represents different CLL sample. 
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 The cytotoxic effect of MDM2 inhibitor (RG7388) on primary CLL cells 

 

This section describes the ex-vivo dose-dependent effect of RG7388 (idasanutlin) on the 

primary CLL cell samples. (Figure 4.3) shows the effect of RG7388 on 11 primary CLL 

patient samples. The CLL cells were treated with a wide range of RG7388 concentrations. 

Following the 48 hours of treatment, the CLL cell metabolic activity was measured using an 

XTT assay. The inhibition effect of each concentration was normalized to the effect of DMSO 

solvent alone as a control for un-treated cells. DMSO levels were matched to that used in 

treated samples and maintained at a concentration of 0.5% (v/v) which had minimal effect on 

cell metabolic activity. RG7388 showed a concentration dependent inhibition effect on the 

viability of the primary CLL cells in a concentration-dependent manner. 

 
Figure 4.3 Effect of the ex-vivo treatment with MDM2 inhibitor on the primary CLL cell viability. 
Concentration dependent cytotoxicity of RG7388 on CLL cell. A cohort set of CLL samples (n=11) was treated 

ex-vivo with a wide concentration range of MDM2 inhibitor (RG7388) for 48 hours and viability measured by 

XTT assay. CLL cell viability was normalized to DMSO treatment for individual experiment. Each experiment 

was performed once on the primary CLL cells. Bars show the mean ± SEM of intra-replicate of concentrations 

within the experiment. 
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Most of the primary CLL samples had an LC50 inhibition value for RG7388 within (0.1-1µM) 

except sample CLL309, whose LC50 of RG7388 was 2.6µM (Table 4.2 A). Figure 4.4 

summarizes the actual XTT assay OD value absorbance at 450nm for CLL samples in 

response to RG7388. The CLL cells showed varying 450nm absorbance for the DMSO only 

controls. CLL309 cells had the lowest basal cell metabolic activity compared to other CLL 

samples in the cohort. However, CLL309 did still show a concentration-dependent further 

inhibition of viability with RG7388 doses below 0.3µM. Interestingly, CLL309 showed that 

50% of the cells are unresponsive to RG7388, even at 3µM (Figure 4.2). 

Considering the behaviour of CLL samples in response to MDM2 inhibitor (RG7388), with 

the exception of sample 309, it can be inferred from the sub-micromolar LC50 values that the 

cohort of CLL samples responded as functional TP53(+/+) wild type cells. The (Figure 4.4 A) 

shows a summary plot and (Figure 4.2 A) LC50 values show that RG7388 produced a 

concentration dependent inhibition on the CLL cell metabolic activity. Furthermore, Figure 

4.4 B) represents the inhibition effect of RG7388 normalized to the DMSO and shows the 

variation in response between CLL samples, reflecting the molecular heterogeneity of CLL. 

The mean LC50 values for all the 11 primary CLL samples showed that the majority were 

sensitive to RG7388, with the majority of the primary CLL cells in the cohort achieving an 

LC50 with RG7388 less than 1µM (Table 4.2 A) except the CLL309 and CLL316. The 

CLL309 cell expressed low metabolic activity compared to the other CLL cells in the cohort. 

In addition, the CLL316 sample had an RG7388 LC50 value of 1.46µM, with no indication of 

a resistant sub-population.  
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Figure 4.4 Summary of primary CLL sample responses to RG7388 (n=11). (A) The raw data XTT assay 

absorbance at 450nm following RG7388 treatment. (B) The dose-dependent inhibitory effect of RG7388 on the 

CLL viability with normalization to DMSO control. Different primary CLL samples was treated with wide range 

of RG7388 for 48 hours and the XTT assay was used to assessed the cell viability. The error bar represents three 

intra-replicates of concentrations within the experiment ± SEM. Each colour shows individual primary CLL 

samples which treated once. 
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 The cytotoxic effect of WIP1 inhibitor in a combination with MDM2 inhibitor 

(RG7388) on primary CLL cells 

 

To determine the inhibition effect of RG7388 in combination with WIP1 (2.5µM) inhibitor, 

primary CLL samples were treated with a wide concentration range of RG7388 in a 

combination with WIP1 (2.5µM) inhibitor. Following the 48 hours of the treatment, the 

viability of the CLL cells was measured by XTT assay.  

As a single agent treatment effect, the WIP1 (2.5µM) inhibitor showed a minimum inhibition 

effect of the primary CLL cells viability (Figure 4.1). In contrast, RG7388 showed a 

concentration-dependent inhibition of viability of CLL cells (Figure 4.3). Furthermore, the 

combination of WIP1 (2.5µM) inhibitor potentiated the inhibitory effect of RG7388 in a 

concentration dependent manner in comparison to the effect of RG7388 concentrations 

(Figure 4.5). The combination treatment of WIP1 (2.5µM) inhibitor with RG7388 inhibited 

the viability of the primary CLL cells in a concentration dependent manner. The potentiation 

effect of WIP1 (2.5µM) inhibitor with RG7388 varied between the CLL cells however, all the 

CLL cells in the cohort showed an additional decrease in viability due to the potentiation 

effect (Figure 4.6). The LC50 inhibition of RG7388 and RG7388 in combination with the 

WIP1 inhibitor is shown (Table 4.2 A). 
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Figure 4.5 WIP1 inhibitor (2.5µM) potentiates the activity of RG7388 in a concentration dependent 

manner. A cohort of CLL samples (n=11) treated with GSK2830371 (2.5µM) in a combination with a range of 

RG7388 concentrations for 48 hours. XTT assay was used to determine cell viability. Each primary CLL sample 

exposed to different treatments in the same experiment. Each experiment performed once with three intra-

replicates. All % of cell viability was normalized to DMSO treatment for individual experiment. Bars show the 

mean ±SEM.  

 

 Summary of percentage inhibition of the viability of primary CLL samples following 

treatment with WIP1 and MDM2 (RG7388) inhibitors 

 

There was a statistically significant additional reduction in the metabolic activity of the CLL 

cells in response to different concentrations of RG7388 with a combination of WIP1 inhibitor 

(2.5µM) in a concentration dependent manner (Figure 4.6). Looking at the cohort of 11 CLL 

samples, there was an inhibition of CLL cell viability in a concentration dependent manner. In 
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addition, the combination of WIP1 inhibitor (2.5µM) significantly potentiated the effect of 

RG7388 across a range of RG7388 doses (Figure 4.6).  

 

 
Figure 4.6 The inhibition effect in the metabolic activity of the CLL samples in response to RG7388 and in 

a combination to WIP1 inhibitor. Cohort of primary CLL samples (n=11) treated with range of RG7388 

concentrations in combination with GSK2830371 (2.5µM) for 48hrs followed by XTT assay to 

determine CLL cell metabolic activity. All metabolic activity % was normalized to DMSO treatment 

for individual experiment. Each experiment was performed once on the primary CLL cells. The black 

colour shows the effect of GSK2830371, red shows RG7388 alone and blue shows the combination 

treatment. Data are presented as an average mean ± SEM of intra-replicate of concentrations within the 

experiment. Statistical significant p-values is indicated by paired t-test one tail (*, p < 0.05, **, p < 0.01, 

***, p < 0.001).  

 

 The LC50 and LC70 values of WIP1 and MDM2 inhibitors (RG7388) on primary CLL 

samples 

 

To investigate the effect of RG7388 and WIP1 inhibitor on primary CLL cell viability, the 

LC50 and LC70 values were calculated. The LC70 was calculated to determine whether the 

potentiation by WIP1 inhibitor could show more significant effect with lower concentration 

effect level of RG7388.  
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Figure 4.7 shows the LC50 or LC70 values for either RG7388 or the combination of RG7388 

with WIP1 inhibitor (2.5µM). These were calculated by determining the concentration needed 

to reduce the viability to 50% or 30% compared to untreated cells. The combination of WIP1 

inhibitor (2.5µM) with RG7388 significantly decreased the average LC50 from 0.72 ± 0.23µM 

to 0.25 ± 0.06µM (p=0.02) (Table 4.2 A) and decreased the average LC70 from 169nM ± 0.51 

to 0.084nM ± 0.02 (p=0.008) (Table 4.2 B). The primary CLL cells became significantly more 

sensitive to RG7388 when combined with the GSK2830371 WIP1 inhibitor. Furthermore, the 

potentiation by WIP1 inhibitor showed more significant effect with lower concentration of 

RG7388 at LC70 compared to LC50. 

 

 
Figure 4.7 The LC50 (A) and LC70 (B) values showing the range of responses to RG7388 alone and in 

combination with WIP1 inhibitor (2.5µM) in a cohort of different CLL samples (n=11). Each individual 

CLL sample is marked with specific colour code. (A) The LC50 value of a combination treatment with 

GSK2830371 and RG7388 was significantly lower compared to the effect of RG7388 alone (p = 0.02). (B) The 

LC70 value of WIP1 inhibitor in combination with RG7388 was significantly lower compared to RG7388 alone 

(p = 0.08). Data are presented as an average mean ± SEM. Statistical significant p-values (*, p < 0.05, **, p < 

0.05) are indicated by paired t-test one tail. 
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Table 4.2 The LC50 and LC70 values of primary CLL samples (n=11) in response to RG7388 and in 

combination with WIP1 inhibitor (2.5µM). (A) LC50 (B) LC70. The fold changes represent the ratio of GI50 

inhibition values for RG7388 ± WIP1 inhibitor.  
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 The synergistic effect of WIP1 (GSK2830371) and MDM2 inhibitor (RG7388) 

combination on primary CLL samples 

 

All the matrix figures, 3-D graphs and ZIP synergy scores were generated from 

https://synergyfinder.org. For the matrix designed experiments, (section A) show the 

inhibition effect of single agent concentrations (either RG7388 or WIP1 inhibitor) on the 

viability of primary CLL samples. The matrix diagram shows the colour coded percentage 

inhibition for each single agent and combination treatment represented in small squares. This 

generates a broad view of the inhibition effect of the RG7388 and WIP1 inhibitor for a wide 

range of concentration combinations on the viability of the primary CLL cells.  

In (section B), the matrix diagram and the three-dimension (3-D) diagram represent the zero-

interaction potential (ZIP) scores for the combination treatments. The colour coded illustrated 

the degree of synergy (red) or antagonism (green) across the range of treatment combinations 

tested. In addition, the dose combination generating a peak or minimum ZIP synergy score is 

identified. The ZIP score helps to determine whether the combination treatment produces an 

antagonistic or synergistic effect.  

The matrix model experiment was performed on eight freshly isolated CLL patient samples 

(CLL307, CLL310, CLL311, CLL312, CLL313, CLL314, CLL315, CLL316) and one 

cryopreserved CLL sample (CLL311 TH), which were exposed to a wide range of RG7388 

and WIP1 inhibitor concentrations. Following 48 hours of treatment, the CLL cell viability 

was measured by XTT assay. The average ZIP synergy score of the combination treatment is 

summarized in (Figure 4.10 A). Example individual synergy plots are shown for one fresh 

sample (Figure 4.8) and one cryopreserved sample (Figure 4.9). 

  

 

 

 

 

 

 

 

https://synergyfinder.org/
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4.4.6.1 CLL311 

 

(Figure 4.8 A) shows an example of the inhibition effect on CLL cell viability in response to 

RG7388 and WIP1 inhibitors. Freshly isolated CLL311 cells showed a dose dependent 

inhibition of cell viability with RG7388 treatment. RG7388 (less than 300nM) were able to 

inhibit the cells viability by 50% of viable CLL311 cells. However, up to 10,000nM of WIP1 

inhibitor as a single agent did not inhibit the CLL311 cell viability. The combination with 

WIP1 inhibitor potentiated the effect of RG7388 in a concentration dependent manner.  

(Figure 4.8 B) shows the ZIP synergy score for CLL311 in response to RG7388 in 

combination with WIP1 inhibitor. Most of the combination synergy effect on CLL311 was 

found with (10-300nM) RG7388 in combination with (100-1000nM) WIP1 inhibitor. The 

mean ZIP synergy score of WIP1 inhibitor in combination with RG7388 for CLL311 cells 

was 9.27, with a peak synergy score of 29.07 which indicates a significant synergistic effect 

of the combination treatment. 
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Figure 4.8 The synergistic effect of RG7388 in combination with WIP1 inhibitors on freshly isolated 

primary CLL311 cells. The matrix model designed to find the synergistic effect and the optimum highest 

concentration to obtain the greatest combination effect. The primary CLL cells treated with wide range of 

RG7388 and GSK2830371 concentrations for 48 hours. The CLL cell viability assessed by XTT assay. (A) The 

graph shows single dose response inhibition effect in response to RG7388 and WIP1 inhibitor. The 

representative dose response analysis showing the % inhibition of cell viability in response to wide range of the 

treatment (B) The synergistic landscape shows synergy ZIP score in response to combination treatment of 

RG7388 and WIP1 inhibitor. The intensive red colour represents the highest synergy area. The 3-D plot shows 

the peak ZIP synergy score in greater interpolated detail. The experiment was performed once on each CLL 

sample in a total of (n=8) different samples. The data was analysed by the Synergyfinder.org website. 
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4.4.6.2 CLL311 (cryopreserve)  

 

To compare with the response of freshly isolated cells, (Figure 4.9) shows the results of 

combination treatment for a thawed cryopreserved sample of CLL311. RG7388 showed a 

concentration dependent inhibition effect on the viability of cryopreserved CLL311. RG7388 

(1000nM) inhibited the cell viability by an average of 50%. This contrasted with the fresh 

CLL311 cells for which 1000nM RG7388 had shown 88.5% inhibition.  

The combination of WIP1 inhibitor still potentiated the effect of RG7388 to inhibit the 

viability of the thawed cryopreserved CLL311 cells in a concentration dependent manner. 

Most of the inhibition effect on cryopreserved CLL311 was produced with (30-100nM) 

RG7388 in a combination with (1000-10,000nM) WIP1 inhibitor. The average mean 

inhibition effect of WIP1 inhibitor with RG7388 on the thawed cryopreserved CLL311 cells 

was 24.51 which was 50% (2x) lower than for the freshly isolated CLL311. 

The mean ZIP synergy score for WIP1 inhibitor in combination with RG7388 for 

cryopreserved CLL311 cells was 9.58, which is close to the mean ZIP score for freshly 

isolated CLL311 cells 9.27. The peak synergy scores were also similar, 29.61 and 29.07 

respectively for thawed cryopreserved and freshly isolated CLL311 cells respectively. It was 

concluded that the combination of WIP1 inhibitor with RG7388 produced similar average and 

peak synergistic effect for the same dose range on the viability of both freshly isolated and 

thawed cryopreserved CLL311 cells. 
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Figure 4.9 The inhibition effect of RG7388 in combination with WIP1 inhibitors on cryopreserved isolated 

primary CLL311 cells. The cryopreserved CLL311 cells were thawed and treated with wide range of MDM2 

and WIP1 inhibitors for 48 hours to compare the treatment responses with freshly isolated CLL cells. The cell 

viability determined by XTT assay. (A) Dose response inhibition effect in response to RG7388 and 

GSK2830371. The matrix model shows the individual % inhibition effect for each combination treatment. (B) 

Synergy ZIP score in response to combination treatment of RG7388 and WIP1 inhibitor. The red colour 

represents the synergistic effect while the green colour represents the antagonistic effect. The 3-D plot shows the 

peak ZIP synergy score in greater interpolated detail. The Synergyfinder.org website identifies the range of ZIP 

scores for a synergistic effect to be greater than 10 and any score less than 10 is defined as an antagonistic effect. 

 

The majority of the CLL samples in the cohort did not show an inhibition of cell viability in 

response to a single treatment of WIP1 inhibitor for doses up to 10µM, however, some of the 

CLL cell samples showed approximately 40% inhibition of cell viability. By contrast, 

RG7388 showed an inhibition of CLL cell viability in a concentration dependent manner. For 

the combination treatment, WIP1 inhibitor was able to potentiate the effect of RG7388 on all 

of the CLL samples with a variety of potentiation extend from CLL cell to another based on 

the activity of RG7388. Furthermore, the majority of the CLL cohort samples showed a 

synergistic effect with a combination of WIP1 inhibitor and RG7388 treatment except for 
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CLL307, which showed an overall additive to antagonistic effect with the combination 

treatment (-2.17) (Figure 4.10 A).  

Table 4.3 summarises the mean ZIP score for each individual primary CLL sample in the 

cohort. The ZIP score determines whether the combination of WIP inhibitor with RG7388 had 

a synergistic or antagonistic effect. According to the ZIP synergy score results, the majority of 

the primary CLL samples showed a peak synergy range effect with combination of WIP1 

inhibitor with RG7388 apart from CLL307. In contrast, looking to the peak ZIP synergy 

score, all of the CLL samples in the cohort showed a synergistic inhibition of the viability of 

the CLL cells with combination treatment of RG7388 and WIP1 inhibitor (Figure 4.10 B). 

Some of the CLL cells showed higher peak ZIP synergy score compared to the others (Table 

4.3 B). 
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Figure 4.10 Summary of synergy score for RG7388 in combination with WIP1 inhibitor determined by 

zero interaction potency (ZIP) model. (A) ZIP synergy score of 11 primary CLL samples treated with ranges 

of concentrations of RG7388 and GSK2830371. Cohort of (n=11) CLL samples (5x106 cells/ml) treated with 

RG7388 and WIP1i in combination up to (10µM) for 48hours. The cell viability was determined by XTT assay. 

All the primary CLL samples were freshly isolated except for CLL311 sample, for which the experiment was 

performed on both fresh and thawed cryopreserved cells. (B) The peak ZIP synergy score of the same cohort of 

11 primary CLL samples to determine the highest concentration at which the synergistic effect was generated 

with combination treatment. (TH) Thawed sample. 
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Table 4.3 (A) The average zero interaction potential (ZIP) score of CLL samples from combination 

treatment of MDM2 inhibitors (RG7388) with WIP1 inhibitor. (B) The peak ZIP synergy score of WIP1 

inhibitor with RG7388. (TH) Thawed sample. 
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 MDM2 inhibitor (RG7388) induces p53 protein and its downstream targets in a 

concentration dependent manner in p53WT primary CLL samples 

 

After identifying the cytotoxicity responses of CLL cells to combination treatment with 

RG7388 and WIP1 inhibitors, mechanistic studies were conducted by western 

immunoblotting to test for cellular changes in protein levels downstream of p53 under the 

same treatment conditions. The primary CLL cells were treated with both RG7388 and WIP1 

inhibitor for 6 and 24 hours. The CLL cell lysates were collected following treatment with a 

range of RG7388 concentrations at the indicated time points. The changes in expression of 

p53 and its primary negative regulator MDM2, were compared relative to DMSO, together 

with the negative cell cycle regulator p21WAF1. CLL apoptosis was assessed by the relative 

protein expression levels of full-length PARP and cPARP.  

Figure 4.11 illustrates an example of a western immunoblot for primary CLL sample, CLL299 

cells exposed to a range of RG7388 concentrations. Dose-dependent stabilisation of 

functional p53 was clearly evident, associated with an increase in the downstream 

transcriptional targets MDM2 and p21WAF1 after 6 and 24 hours. Full-length PARP protein 

level was reduced with increased dose of RG7388 at 6 hours and further reduction was 

detected at 24 hours. In contrast, a gradual increase in the 85kDa cPARP protein level was 

detected at 6 and 24 hours of RG7388 treatment. The induction of 85kDa PARP cleavage 

product in a concentration-dependent manner with RG7388 indicates that the RG7388 

treatment drives the CLL299 to cell death in a dose-dependent manner. The CLL299 cells 

expressed high basal cPARP level in the DMSO solvent controls thus, might be because the 

CLL299 is cryopreserved sample. This indicated the CLL cells might also be responding to a 

different background signalling mechanism to initiate the apoptosis. In addition, the CLL cell 

viability is limited in the absence of microenvironmental survival signals. Although, cPARP 

was detected in the CLL299 DMSO controls, the RG7388 treatment reduced the levels of 

full-length PARP protein in a concentration dependent manner. This likely reflects the 

RG7388 dependent induction of apoptosis in the viable cell sub-population. The β-Actin 

signal showed that there was equal total protein loading in all conditions. 

The western immunoblot results of other four different primary CLL samples (CLL308, 

CLL309, CLL310, CLL311, CLL312, CLL313) treated with wide range of RG7388 for 6 and 

24 hours are summarised in Figure 4.13. 
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Figure 4.11 Western immunoblot of p53 and its transcriptional targets in response to MDM2 inhibitor 

(RG7388). Cryopreserved CLL299 cells were treated with a wide range of RG7388 for 6 or 24 hours. Wide 

range of RG7388, including the IC50 concentrations, used to determine the change in the TP53 protein and its 

target proteins. All strips were from the same membrane which was cut into three. The top strip was probed for 

WIP1, MDM2 and PARP; the middle for p53 and β-Actin; and the third with p21 antibody. β-ACTIN used as 

the loading control. The cell lysate was collected from (n=1) experiment. Nalm-6 (TP53WT) cells treated with 

RG7388 for 6 hours were used as a positive control for molecular weight protein expression. 

 

 Changes in the anti-apoptotic proteins with stabilization of p53 

 

A western immunoblot was performed on CLL308 primary cells to determine the downstream 

p53 target protein expression changes in response to RG7388. Moreover, this experiment 

included the detection of anti-apoptotic proteins MCL-1, BCL-2 and BCL-xL to assess 

whether these were altered in response to RG7388 treatment and might have an impact on cell 

survival.  

Figure 4.12 shows primary CLL308 cells treated with wide ranges of RG7388 for 6 and 24 

hours. RG7388 stabilised p53 protein and its transcriptional downstream target protein, 

MDM2 in a concentration-dependent manner. Although, the RG7388 treatment resulted with 

p53 stabilisation followed by MDM2 expression, the p21WAF1 could not be detected in 

CLL308. Furthermore, the PARP cleaved protein was detected with high concentration of 

RG7388 at both 6 and 24 hours. Since the signal for the cPARP protein was very faint in 

CLL308, we decided to investigate the level of anti-apoptotic proteins. 

Looking to the anti-apoptotic proteins MCL-1, BCL-2 and BCL-xL, the primary CLL308 

cells did not show any obvious changes in the MCL-1 protein levels with different treatment 

conditions. However, BCL-2 level increased with RG7388 treatment at 6 and 24hr time points 
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relative to DMSO (Figure 4.12 A). CLL303, included as a control for molecular weight 

location, showed changes in the protein level of BCL-xL in response to RG7388 (3μM) 

compared to the DMSO (Figure 4.12 A). 

The densitometry analysis of MCL-1 showed no change in response to RG7388 relative to 

DMSO at 6 hours treatment. In comparison at 24 hours, MCL-1 showed increase in the 

protein expression in response to range of RG7388 concentrations relative to DMSO (Figure 

4.12 C). The densitometry analysis of BCL-2 showed increase in the protein expression in 

response to range of RG7388 concentrations relative to DMSO at 6 and 24-hours (Figure 4.12 

C). Moreover, BCL-xL protein level showed no change in response to RG7388 at both 6 and 

24-hours treatment. The densitometry analysis of BCL-xL protein showed no change in 

response to RG7388 (1-3µM) at both 6 and 24-hours relative to DMSO treatment (Figure 4.12 

B-D).  
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Figure 4.12 Western immunoblot of CLL308 cells treated with RG7388. (A) Stabilization of p53 and its 

transcriptional target MDM2, and Anti-apoptotic (MCL1, BCL1) at 6 and 24 hours. Range of RG7388, including 

the IC50 concentration, was used to determine the change in the target proteins. (B) The expression of BCLxL 

protein level in response to the RG7388 at 6 and 24 hours. CLL303 used as control for antibody marker. All 

antibodies were probed on the same membrane except for BCL-xL was detected on new membrane from the 

same lysate. GAPDH and β-Actin used as the loading control. (C) Densitometry of MCL1 and BCL2 proteins 

corresponding to the expression level in response to RG7388 concentrations. (D) Densitometry of BCL-xL 

protein level at 24hr compared to 6hr in response to RG7388. The mean pixel density ratio for all proteins was 

background corrected and the values were normalized relative to β-Actin. The cell lysate was collected from 

freshly isolated CLL308 (n=1) experiment. 
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 The stabilization of p53 activity by the MDM2 inhibitor (RG7388) induces the 

apoptotic protein marker (cPARP) in p53WT primary CLL samples 

 

Western immunoblotting was routinely performed on primary CLL samples to investigate the 

changes in p53 protein levels and that of p53 transcriptional target genes in response to 

RG7388 treatment. The densitometry provided a summary measurement of the p53 functional 

status of the patient CLL samples. In addition, to the ability of RG7388 to activate p53, the 

ability to induce apoptosis with an MDM2 inhibitor in the primary CLL cells was determined. 

Freshly isolated CLL cells were treated with a range of RG7388 concentrations for 6 and 24 

hours. The CLL cells were harvested immediately with SDS lysis buffer at the end of the time 

point.  

Figure 4.13 summarises the western immunoblotting results for seven different primary CLL 

samples (n=7) were treated with a range of RG7388 concentrations for 6 or 24 hours. In 

addition, DMSO solvent vehicle treatment alone was included as a control. Extracts from 

NALM-6 (TP53WT) cells treated with RG7388 for 6 hours were also included as a positive 

control to check that the antibodies were working and the correct position of signals  

It can be seen that RG7388 results in stabilisation of p53 protein expression and induction of 

MDM2 in a concentration-dependent manner at 6 and 24 hours. p21WAF1 protein level showed 

an increase in response to RG7388 concentrations relative to DMSO treatment control. The 

expression of full-length PARP was reduced with RG7388 treatment over time while, the 

cPARP was increased. The increase of cPARP in a concentration dependent manner indicated 

that apoptosis occurred in the CLL cells in response to p53 stabilisation and activation by 

RG7388.  
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Figure 4.13 Summary of western immunoblot densitometry changes for TP53 and it’s target proteins of 

CLL cells in response to RG7388. Different primary CLL samples (n=7) treated with RG7388 (0.3 and 1µM) 

for 6 and 24 hours. The immunoblot for each sample was performed on lysate (n=1) times. (A) MDM2 (B) TP53 

(C) P21 (D) PARP full-length (E) cPARP. The mean pixel density ratio for all proteins was background corrected 

and the values were normalized relative to GAPDH, except cPARP for which the ratio was calculated relative to 

full-length PARP. Each colour represents primary CLL sample. The error bar represents the average mean ±SEM 

for all CLL samples. Statistical significance of differences (*, p < 0.05, ** p < 0.005, ***, p < 0.0005) is shown 

above each bar for each treatment compared with DMSO control. Only the p-values less than 0.05 are shown by 

paired t-test one tail. 
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 WIP1 inhibitor induces the stabilization of MDM2 inhibitor (RG7388) in p53-

dependent manner through phosphorylation of p53WT of CLL samples  

 

In Figure 4.14, the western blot was performed on primary CLL313 cells to determine the 

effect of RG7388 in combination with GSK2830371 WIP1 inhibitor on p53 and p53-target 

gene protein expression. The CLL313 cells were incubated with range of RG7388 

concentrations in combination with WIP1 inhibitor (2.5μM) for 6 and 24 hours. The changes 

in the protein levels in response to RG7388 and WIP1 inhibitor treatment were examined 

relative to the signals in DMSO control. The densitometry analysis illustrated the change in 

the protein expression in response to the treatment at 6 and 24 hours (Figure 4.14 B&C).  

The RG7388 treatment for 6 and 24 hours stabilised and activated p53 in a concentration 

dependent manner. In addition, combination with the WIP1 inhibitor further increased the 

stabilization of p53, particularly at lower doses of RG7388. Combination of WIP1 inhibitor 

with the lower concentration of RG7388 (0.1μM) increased the level of total p53 protein. 

However, the combination of WIP1 inhibitor with higher RG7388 concentrations, (0.3, 1μM) 

showed a slight reduction in p53 expression, this is likely to be due to the CLL cell death at 

the higher doses.  

There was an increase in the phosphorylation of p53 in parallel to total p53. Firstly, with a 

single effect of RG7388, there was a concentration dependent induction of p53 

phosphorylation. In addition, on combination with WIP1 inhibitor, a concentration dependent 

increase in p53 phosphorylation with RG7388 was seen. The densitometry analysis showed 

concentration dependent increase in phosph-p53 protein expression with combination of 

RG7388 with WIP1 inhibitor (Figure 4.14 B&C). The increase in phosph-p53 was again more 

evident in combination of with the lowest dose of RG7388 (0.1μM) compared to higher 

concentrations.  

MDM2 protein was induced with the RG7388 and WIP1 inhibitor at 6 hours but surprisingly 

not at 24 hours. P21WAF1 was very faint to detect at both time points. WIP1 protein levels were 

reduced by the WIP1 inhibitor treatment at 6 and 24 hrs exposure. Moreover, WIP1 inhibitor 

(2.5μM) was sufficient to degrade the WIP1 protein and prevents its catalytic activity, 

resulting in increased levels of p53 phosphorylation.  

PARP cleavage was induced with RG7388 as a single agent and in a combination with WIP1 

inhibitor in a concentration dependent manner. In addition, the combination of RG7388 

(0.1μM) with WIP1 inhibitor produced a greater increase in PARP cleavage than at the higher 
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concentrations. GAPDH was used as endogenous loading control for protein concentrations 

across the wells of different conditions which were equally loaded.  

 
Figure 4.14 Western immunoblotting of primary CLL313 treated with RG7388 and WIP1 inhibitors at 6 

and 24 hours. (A) The expression of p53 and it’s target proteins in response to range of RG7388 alone and in 

combination with GSK2830371 (2.5µM). Doses of RG7388 includes the LC50 concentration. (B) Densitometry 

measure of TP53 and it's transcription target protein in response to treatment at 6 and (C) 24 hours. The 

experiment performed on fresh extracted lysate (n=1). Both time point treatments were performed in the same 

condition next to each other on separate membranes. GAPDH used as an endogenous control. The mean pixel 

density ratio for all proteins was background corrected and the values were normalized relative to GAPDH, 

except cPARP for which the ratio was calculated relative to full-length PARP. Gradual red colour represents the 

RG7388 alone and the gradual blue ones represents the combination of WIP1i.  
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 Transcriptional changes in response to RG7388 

 

To investigate the potential changes in the mRNA expression of p53 target genes, pro-

apoptotic and anti-apoptotic genes for primary CLL cells in response to MDM2 inhibitor 

using the qRT-PCR technique. The extracted mRNA samples were collected from the CLL308 

primary sample after 6 and 24 hours of RG7388 treatment. The change in the transcript levels 

of the p53 target genes for RG7388 treatment was calculated by the ΔΔCt method relative to 

DMSO control and the β-Actin reference gene Ct values for each corresponding treatment 

condition. 

Following 6 hours treatment (Figure 4.15 A) with RG7388, the mRNA expression of the pro-

apoptotic genes, PUMA, BAX and FAS was increased. Interestingly, the fold change 

expression of PUMA is already maximal at the lowest dose of RG7388, with a very high level 

of induction. In addition, MDM2, the p53 negative regulatory gene, showed a concentration 

dependent high fold increase in mRNA expression. In contrast, the anti-apoptotic genes, 

MCL1 and BCL2, did not show a significant change in their mRNA expression with RG7388 

treatment at 6 hours.  

(Figure 4.15 B) shows that exposing CLL308 to RG7388 for 24 hours increases the fold 

change mRNA expression of MDM2 and TP53INP1 in a concentration dependent manner. 

Moreover, mRNA expression of the pro-apoptotic genes also increased with RG7388 

concentration. For the anti-apoptotic gene levels, MCL1 and BCL2, there was a reduction in 

the mRNA level with RG7388 treatment for (0.1-1µM) doses, however, there was slight 

increase in the mRNA expression with RG7388 (3µM). Although, the Ct value of the BCL2 

expression in response to RG7388 (3µM) did not show much differences from the Ct value of 

the DMSO, the RQ calculation identified the fold change differences relative to β-Actin 

normalization. 
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Figure 4.15 Fold change in mRNA expression of selected p53 transcriptional target genes of primary 

CLL308 sample with ex-vivo treatment of RG7388 by qRT-PCR. (A) 6 hours (B) 24 hours. Freshly isolated 

CLL cells treated with wide range of RG7388 concentrations. β-ACTIN was used as the endogenous control 

and DMSO-treated cells were used as the calibrator between three repeated wells of each 

concentration. Error bars represent the mean ± SEM of intra-replicate wells of the experiment (n=1). 

RQ values were calculated using the formula 2ΔΔCt.  
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Figure 4.16 shows a summary comparison of the transcriptional changes in CLL308 with 

RG7388 at 6 and 24 hours alongside each other in more detail for each group of genes. Upon 

RG7388 treatment, the mRNA expression of p53-dependent target genes, MDM2 and 

TP53INP1 showed a concentration dependent increase with RG7388 treatment. At 6-hour 

treatment, the mRNA expression of the p53 negative regulators, PPM1D, MDM2 and 

TP53INP1 showed fold change increases and further induction was detected at 24 hours. 

(C&D) CDKN1A surprisingly did not show much change in expression at either 6 or 24 hours. 

(E&F) Furthermore, the pro-apoptotic genes, PUMA, BAX and FAS all showed increases in 

mRNA expression at 6 hours and further increases in expression at 24 hours, however the 

mRNA levels of NOXA did not change appreciably. PUMA showed the highest fold change in 

expression at 6 hours and FAS showed the highest fold change in expression with RG7388 

treatment for 24 hours. (G&H) For the anti-apoptotic genes, the mRNA expression of MCL1 

and BCL2 showed no change in response to RG7388 at both 6 and 24 hours. 
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Figure 4.16 Summary of fold changes in the mRNA expression of CLL308 after exposure to RG7388 for 6 

or 24 hours. (A-B) Negative regulator p53 genes, PPM1D, MDM2, TP53 and TP53INP1. (C-D) CDKN1A (E-F) 

Proapoptotic genes, PUMA, BAX, FAS and NOXA. (G-H) Anti-apoptotic genes, MCL1 and BCL2. Freshly 

isolated CLL cells treated with range of RG7388 concentrations for indicated time point followed by qRT-PCR 

analysis. β-ACTIN was used as the endogenous control and DMSO-treated cells were used as the calibrator 

between three repeats of each concentration. Error bars represent the mean ± SEM of three intra-replicate wells 

of the experiment (n=1). RQ values were calculated using the formula 2ΔΔCt. 
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 Transcriptional changes in response to RG7388 in combination with WIP1 inhibitor 

 

To investigate the potential changes of p53 target genes in response to the MDM2 inhibitor 

with a combination of WIP1 inhibitor in functional TP53 CLL samples, the chosen gene panel 

was assessed using the qRT-PCR technique. The extracted mRNA was collected from the 

primary CLL313 after 6 and 24 hours of RG7388 with a combination of WIP1 inhibitor 

(2.5µM). The fold changes (RQ) in the mRNA levels of the p53 target genes was calculated 

using the ΔΔCt method relative to DMSO only treatment with normalisation to β-Actin 

expression for each corresponding condition. The Ct value of DMSO and β-Actin did not 

change significantly with any of the conditions. 

(Figure 4.17 A) shows the mRNA expression of gene panel for CLL313 treated with RG7388 

in combination with WIP1 inhibitor for 6 hours. The mRNA expression of the pro-apoptotic 

genes, PUMA, BAX and FAS were increased by combination treatment of WIP1 inhibitor with 

RG7388 compared to single agent treatment with RG7388. Furthermore, the expression of 

p53 negative regulator genes, MDM2, TP53INP1 and CDKN1A were all increased by 

combination treatment of WIP1 inhibitor with RG7388 relative to RG7388 alone. In contrast, 

the anti-apoptotic genes, MCL1 and BCL2 did not show much difference in expression either 

with single or combination treatment. 

After 24 hours of treatment (Figure 4.17 B), the pro-apoptotic genes, PUMA, BAX and FAS 

showed the highest increases in expression among the gene panel. Interestingly, the 

combination treatment of WIP1 inhibitor with RG7388 (0.1µM) increased expression of 

PUMA, BAX and FAS relative to treatment with RG7388 (0.1µM) alone. In contrast, the 

combination of WIP1 inhibitor with RG7388 at the higher doses (0.3 and 1µM) inhibited the 

induction of PUMA, BAX and FAS mRNA expression. 

Similarly, the expression of MDM2, TP53INP1 and CDKN1A was increased by combination 

treatment of WIP1 inhibitor with RG7388 (0.1µM) relative to RG7388 (0.1µM) alone. 

However, again the combination of WIP1 inhibitor with higher concentrations of RG7388 

(0.3 and 1µM) reduced MDM2, TP53INP1 and CDKN1A mRNA expression. This might be 

because the strong efficiency of WIP1 inhibitor to potentiate the activity of RG7388 at low 

concentration. Thus, the combination with high concentration of RG7388 with WIP1 inhibitor 

might be toxic and killing all cells. It can be obviously seen from (Figure 4.6) that the 

combination of WIP1 inhibitor significantly potentiated the effect of RG7388 in a 

concentration dependent manner. 
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Looking to the anti-apoptotic genes, MCL1 and BCL2, they did not show much difference in 

their expression either with single or combination treatment for 24 hours.  

 

 
Figure 4.17 Fold changes in the expression of gene panel for primary CLL313 was exposed ex-vivo to 

RG7388 and WIP1 inhibitor. (A) CLL cells treated for 6 hours and (B) 24 hours. qRT-PCR measures the 

mRNA expression of genes panel was measured in response to RG7388 (0.1, 0.3, 1 and 3µM) and in a 

combination with GSK2830371 at (2.5 µM) relative to DMSO solvent control (untreated condition). The striped 

columns represent the combination treatment while the solid columns represent the single treatment. β-ACTIN 

was used as the endogenous control and DMSO-treated cells were used as the calibrator between three repeats of 

each concentration. Error bars represent the mean ± SEM of three intra-replicate wells of the experiment (n=1). 

The RQ value represents the fold change expression of the p53 target genes relative to the ΔΔCt for DMSO 

treatment and β-ACTIN. 
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Figure 4.18 shows the transcriptional changes in CLL313 induced by RG7388 in combination 

with WIP1 inhibitor at 6 and 24 hours alongside each other in more detail for each group of 

genes. (Figure 4.18 A&B) showed the fold changes in the transcriptional level of p53 negative 

regulator genes, MDM2 and TP53INP1. MDM2 showed a concentration-dependent increase 

in mRNA expression in response to RG7388 in combination with WIP1 inhibitor at 6 hours. 

On further extension of the treatment to 24 hours, the combination of WIP1 inhibitor with 

RG7388 (0.1µM) potentiated the increased expression of MDM2. However, the combination 

of WIP1 inhibitor with RG7388 (0.3 and 1µM) reduced expression. TP53INP1 showed little 

change in expression with the combination of WIP1 inhibitor and RG7388 (0.1 and 0.3µM), 

however, with higher concentration of RG7388 (1µM) and WIP1 inhibitor the TP53INP1 

there was a reduction in the mRNA relative to RG7388 (1µM) alone. 

Looking to the cell cycle arrest gene (Figure 4.18 C&D), CDKN1A showed a high increase in 

mRNA expression with combination treatment of WIP1 inhibitor with RG7388 at 6 hours 

compared to 24 hours. In addition, CLL313 expressed more CDKN1A with combination 

treatment of WIP1 inhibitor with RG7388 compared to RG7388 alone. The combination of 

WIP1 inhibitor potentiated the expression of RG7388 at 6 and 24 hours.  

The pro-apoptotic genes (Figure 4.18 E&F), PUMA, BAX and FAS showed expression 

increases in response to RG7388 in combination to WIP1 inhibitor at 6 hours and further 

induction at 24 hours. 

For the anti-apoptotic genes (Figure 4.18 G&H), the mRNA expression of MCL1 and BCL2 

showed no changes in response to the combination of WIP1 inhibitor with RG7388 at 6 and 

24 hours. This is consistent with MCL1 and BCL2 not being directly transcriptionally 

regulated by p53.  
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Figure 4.18 Summary of the fold changes in the mRNA expression of selected p53 transcriptional target 

genes of CLL313 in response to a combination of RG7388 with WIP1 inhibitor by qRT-PCR. (A-B) 

Negative regulator p53 genes, PPM1D, MDM2, TP53 and TP53INP1. (C-D) Cell cycle arrest, CDKN1A (E-F) 

Pro-apoptotic genes, PUMA, BAX, FAS and NOXA. (G-H) Anti-apoptotic genes, MCL1 and BCL2. mRNA 

expression of p53 transcriptionally regulated genes were determined in response to range of RG7388 (0.1, 0.3, 

1μM) with and without GSK2830371 (2.5 µM) 6 and 24 hours relative to DMSO solvent control (untreated 

condition) and β-ACTIN control. Each concentration repeated in three wells intra-excrement. Error bars represent 

the mean ± SEM of three intra-replicate wells of the experiment (n=1). The striped columns represent the 

combination treatment while the solid columns represent the single treatment. 
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4.5 Discussion 

 

The survival outcome of CLL cells in response to p53 stimulation signals depends upon the 

strength of upstream cellular receptors and auto-regulatory signals in the upstream p53 

pathway network and the balance of pro-apoptotic and anti-apoptotic proteins in the 

downstream pathway. 

In this chapter, a cohort of 11 primary CLL samples were exposed to the MDM2 (RG7388) 

and WIP1 (GSK2830371) inhibitors as a single agent and in combination to determine the 

effect on CLL cell viability. A wide range of GSK2830371 and RG7388 concentrations were 

used to investigate the inhibitory effect of the treatment on the viability of primary CLL cells. 

Up to 10µM of WIP1 inhibitor alone showed around 40% inhibition effect on the viability of 

primary CLL cells. However, concentrations up to 3µM of WIP1 inhibitor alone showed no 

inhibitory effect on CLL cell viability (data not shown). Therefore, WIP1 inhibitor at (2.5µM) 

was chosen as the highest concentration that alone does not have any effect on the cell 

viability (Figure 4.2). A similar response effect for GSK2830371 as a single agent for doses 

up to (2.5µM) have been found by our group on a wide variety of cancer cell lines irrespective 

of p53 status, as long as they are not mutated or amplified for PPM1D (Chamberlain et al., 

2021; Esfandiari et al., 2016; Wu et al., 2018, 2021). However, GSK2830371 suppresses cell 

growth in cells with increased PPM1D expression or mutations, with IC50 values below 

(4µM). This effect was not observed in p53 mutant cells (such as BT474) that nevertheless 

had amplified WIP1 (Esfandiari et al., 2016; Gilmartin et al., 2014). Several studies have 

shown that GSK2830371 can enhance the effectiveness of MDM2 inhibitors in p53WT cell 

lines (Esfandiari et al., 2016; Wu et al., 2018, 2021). As a result, it was speculated that 

GSK2830371 might have a similar effect on CLL cells when combined with MDM2 

inhibitors. The results presented in this Chapter are in line with previous finding studies, 

which had demonstrated that at a concentration of (2.5µM), GSK2830371 can significantly 

boost the inhibitory effects of RG7388 and other MDM2 inhibitors to increase the mRNA 

expression of genes that are targets of p53 driven transcription (Wu et al., 2018; Esfandiari et 

al., 2016; Chamberlain et al., 2021). 

The novelty of this study is the investigation of the combination effect of WIP1 and MDM2 

inhibitors has not been previously reported for CLL. In the studies, we reported RG7388 as a 

single agent showed a concentration dependent inhibition of the viability of CLL cells, as 

previously described (Ciardullo et al., 2019). The combination effect of WIP1 inhibitor and 
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RG7388 potentiated the concentration dependent ability of RG7388 to reduce CLL cell 

viability.  

Results from the matrix design experiments showing the synergistic effect for the majority of 

the CLL samples with the combination treatment (Figure 4.10). A decrease in viability of the 

primary CLL cells was seen with the combination treatment. In addition, the average ZIP 

synergy score indicating positive synergy was observed in all the primary CLL samples of the 

cohort (>10) apart from CLL307, for which there appeared to be an antagonistic effect (-2.17) 

(Figure 4.10 A) (Table 4.3). 

The western immunoblot results showed that RG7388 stabilises the activity of p53 protein 

and increases the protein levels of its known transcriptional target genes, MDM2 and WIP1 in 

a concentration dependent manner at 6 and 24 hours. The expression level of p21WAF1 protein 

was very faint to be detected in the cohort of CLL samples (Figure 4.13). Jihyun Lee found 

that p21WAF1/CIP1 is involved in a negative regulation of p53 protein stability in several types 

of cancer cells by forming a complex with p53, leading to an increase in p53 degradation (J. 

Lee et al., 2021). 

cPARP was induced and the total PARP was decreased with RG7388 in a concentration-

dependent manner for both 6 and 24 hour time points, showing evidence of apoptosis (Figure 

4.13). Furthermore, the anti-apoptotic protein level showed no change in MCL-1 in response 

to RG7388 at 6 and 24 hours. However, the level of BCL-2 increased in response to RG7388 

for 6 hours and decreased with 24 hours treatment. Moreover, BCL-xL protein level increased 

in response to RG7388 for 24 hours (Figure 4.12). 

Interestingly, the expression of the anti-apoptotic genes, MCL1 and BCL2 did not change with 

6 hours treatment of RG7388, showing these genes not to be regulated by p53 activation in 

primary CLL cells (Figure 4.16 G). In contrast, both MCL1 and BCL2 genes showed decrease 

in their expression with RG7388 treatment except with RG7388 (3µM) which showed a 2-

fold change in response to at 24 hours (Figure 4.16H). 

Following treatment with MDM2 inhibitor in combination with GSK2830371, cPARP protein 

level was increased relative to single agent treatment with RG7388, indicating that at low 

doses there is insufficient activation of p53 and/or suppression of its negative regulators 

resulting from MDM2 inhibitor treatment alone and that this can be further enhanced by 

combination with WIP1 inhibition to increase the induction of apoptosis in CLL cells (Figure 

4.14). 
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For the mRNA transcriptional messages, MDM2 inhibitor (RG7388) alone showed 

concentration dependent increases in mRNA expression for the p53 negative feedback 

regulator genes, PPM1D, MDM2, TP53INP1 at both 6 and 24 hours (Figure 4.15 A&B). The 

mRNA expression of MDM2 was increased up to 4-fold in response to RG7388 at 6 hours and 

furthermore with longer treatment for 24 hours, MDM2 and TP53INP showed 15-fold 

increases in mRNA expression in a concentration dependent manner. Moreover, the pro-

apoptotic genes, PUMA, BAX and FAS genes showed fold change increases in a concentration 

dependent manner with RG7388 alone and in combination of WIP1 inhibitor at both 6 and 24 

hours, providing evidence for their mechanistic involvement in the increased cytotoxicity 

(Figure 4.18 E&F). 

Interestingly, following the combination treatment of RG7388 with GSK2830371, the 

expressions of some of the negative regulator p53 transcriptional target genes; MDM2, 

TP53INP1 and CDKN1A; were also further induced in comparison to the single agent 

treatment of RG7388. All of the increases in expression were by more than 2-folds (Figure 

4.18 A&C). However, the negative feedback of MDM2 and WIP1 induction is futile in the 

presence of the continued presence of the RG7388 and WIP1 inhibitors, thus, tipping the 

balance of transcriptional changes in favour of increased pro-apoptotic gene expression.  

Chamberlain et al reported in her study of p53WT uLMS cells that the transcript levels of 

CDKN1A were significantly increased with increased p53 activation following the 

combination treatment. In addition, the mRNA expression of coupled pro-apoptotic genes, 

PUMA, FAS and NOXA were increased consistent, with the increased p53 transcriptional 

activity pushing the cells into apoptosis (Chamberlain et al., 2021). Similar findings were 

reported by Wu et al. for the combination treatment of cutaneous melanoma cell lines with 

RG7388 and GSK2830371 (Wu et al., 2018). 

The results presented in this chapter show that MDM2 inhibitors stabilise and increase the 

activity of p53, and that inhibiting WIP1 phosphatase amplifies the p53 activation signals. 

Thus, the effect of the MDM2 and WIP1 inhibitors on the induction of pro-apoptotic genes is 

concluded to be the key regulator for driving the CLL cells into apoptosis, out-competing the 

anti-apoptotic proteins BCL-2 and MCL-1, which act downstream of p53. As a single agent 

treatment, MDM2 inhibitor (RG7388) reduced CLL cell viability in a concentration 

dependent manner and this was shown to be potentiated by inhibition of WIP1 by 

GSK2830371, even though alone GSK2830371 show little or no effect on the CLL cell 

viability. In addition, reduction in total PARP along with an increase in the expression of the 

cleaved-PARP apoptotic marker, was observed with RG7388 as a single agent and this was 
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further increased with the combination treatment. Moreover, the significant increase in the 

mRNA expression of pro-apoptotic genes, PUMA, FAS and NOXA indicated a sustained 

increase in the activation of p53 transcriptional activity driving the CLL cells into apoptosis.  

On combination treatment, there was a induction in the transcriptional level of CDKN1A, 

indicative of increased p53 activation (Figure 4.18 C&D), however in the context of the 

experiments described in this chapter, the antiproliferative p21WAF1 protein encoded by 

CDKN1A had no obvious role for ex-vivo non-proliferating CLL cells. The ex-vivo modelling 

of proliferative in-vivo micro-environmental signals and their potential effect on the response 

to MDM2 inhibitor treatment is addressed in subsequent chapters.  

In conclusion, GSK2830371, as a single agent treatment had no or little inhibitory effect on 

the viability of the primary CLL cells. In contrast, MDM2 inhibitor, RG7388 showed 

concentration dependent inhibition effect on the functional p53 CLL cells. Furthermore, in the 

combination treatment, WIP1 inhibitor potentiated the activity of RG7388 to stabilises the 

cytotoxic activity, protein expression and selected p53 target genes of p53-functional CLL 

cells. 
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5.1 Introduction 

 

CLL patients have very variable clinical outcomes due to the heterogenous nature of the 

disease (Messmer et al., 2005). Primary CLL cells are non-proliferative cells in-vitro unless 

they are activated by the presence of microenvironmental stimulation factors. Thus, several 

drug testing and therapeutic studies use different in-vivo signals to enhance the CLL cells 

survival and proliferation in culture (Buggins et al., 2010; Ferretti et al., 2011; Herishanu, 

Pérez-Galán, et al., 2011; Patten et al., 2008). Recently, a variety of co-culture model systems 

have been developed to mimic the in-vivo CLL microenvironment toward the survival and 

proliferation of the CLL cells (Coscia et al., 2011; Ferretti et al., 2011; Pepper et al., 2011). 

Mainly, the survival, proliferation, and antigen-presenting activity of normal B-cells is 

initiated due to the signals transduced through the surface immunoglobulin (sIg) receptors for 

antigen binding and through the CD40 receptors for CD40L. Thus, the biological behaviour of 

the B-CLL cells could be altered by either pharmacological agents or biological response 

modifiers that influence pathways initiated by these molecules. 

Lymph node biopsies from CLL patients with aggressive disease contain activated T 

lymphocytes. In the lymph nodes in-vivo, the CLL cells interact with activated CD4+ T cells 

(Hamilton et al., 2012). In addition, the CD40 receptors on the surface of the CLL cells 

interact with its ligand CD40L on activated T lymphocytes. The interaction between CD40-

CD40L induces the upregulation responses of surface markers and chemokines (Scielzo et al., 

2011; Hamilton et al., 2012). 

Tumour proliferation mainly occurs in the lymph nodes, bone marrow and spleen where the 

pseudofollicles are developed (Patten et al., 2008). The interaction of CLL cells with 

stimulation factors such as T lymphocytes, the microvasculature, soluble factors and other 

stromal elements trigger the survival and proliferation of the tumour cells. Moreover, the 

lymph nodes of CLL patients with aggressive disease could also contain a substantial 

population of CD31+ vessels (Patten et al., 2008) and CD31+ nurse like cells (Deaglio et al., 

2005). 

Furthermore, interactions between the CLL cells and endothelial cells enhance the survival of 

CLL cells (Buggins et al., 2010; Hamilton et al., 2012) and induce the expression of CD38 

and integrin subunit alpha 4 (ITGA4) (CD49d) on the tumour cells, which are associated with 

aggressive disease and worse clinical outcome prognosis. (Majid et al., 2011; Shanafelt, 

Geyer, et al., 2008). 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Hamilton%2C+Emma
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Various soluble proteins and membrane bound interaction factors could interact with CLL B-

cell surface receptors causing drug resistance and preventing CLL cells from undergoing 

apoptosis. Stromal cell derived factor-1 (also known as C-X-C motif chemokine 12 

(CXCL12), B-cell activating factor, A PRoliferation Inducing Ligand (APRIL) (T. Endo et al., 

2007; Nishio et al., 2005) vascular endothelial growth factor, and CD40L are all examples of 

microenvironmental stimulation factors that lead to progression of CLL, resistance to 

treatment and prevention of apoptosis. 

CD40 ligation signals are believed to have a central upregulation role in CLL by promoting 

cell proliferation, survival, and regulating migration to lymph node tissue (Caligaris-Cappio, 

2003). It has been suggested that, in an appropriate microenvironment, the ligation between 

the CD40 receptor and CD40L CD4+ T cells, engaged by autologous activated CD4+ T helper 

cells along with other costimulatory signals, IL-4, IL-21 and, IL-7, play a key role in CLL 

expansion in a recently developed adoptive transfer mouse model of CLL cells (Bagnara et 

al., 2011). 

In the proliferation centre, CLL cells come into close contact with activated CD40L on 

CD4+ T helper cells (Ghia et al., 2002). Even though CD40L stimulation itself increases the 

CLL cell proliferation cascade (Tromp et al., 2010), it also induces resistance to apoptosis by 

altering the apoptotic profile of CLL cells (Kater et al., 2004). CD40 stimulation signals 

enhance the anti-apoptotic profile of B-CLL cells by upregulation of BCL-xL and Bfl-1 

expression and downregulation of the BH3-only protein Harakiri (Grumont et al., 1999; H. H. 

Lee et al., 1999). It was revealed that CD40 stimulation causes significant changes in four 

apoptotic regulators, including a substantial increase in the Bid protein Despite being resistant 

to apoptosis induced by death-receptors and chemotherapy, B-CLL cells stimulated by CD40 

became highly susceptible to being targeted and killed by autologous cytotoxic T-cells (Kater 

et al., 2004). There might be other stimulation factors and cytokines secreted by activated 

CD4+ T cells that contribute to the CLL cell proliferation. 

In CLL patients, the CD4+ T cells stimulate the proliferation and the survival activity of the 

CLL cells by secreting cytokines, such as IL4 (Stevenson & Caligaris-Cappio, 2004). 

Predominantly, These T cells are present in the bone marrow and around the proliferation 

centres, called “pseudofollicles” in lymph nodes of CLL patients (Pizzolo et al., 1983).  

B CLL cells generate and exhibit on their cell surface both ligands and receptors of pro-

survival cytokines such as IL-2, IL4, IL-8 and TNFa, which influence survival. Nevertheless, 

it remains uncertain whether an enhanced microenvironment is the exclusive reason for 

https://www.sciencedirect.com/topics/medicine-and-dentistry/adoptive-transfer
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extended CLL cell survival, or if the CLL cells are inherently more receptive to 

microenvironmental signals. 

IL-4 is one of the critical cytokines that has a direct stimulation effect on B-cell activation 

signals. The stimulation signals of IL-4 upregulate B-cell proliferation and survival through 

different pathways such as BCR, IgM and CD40L of B-cells (Banchereau et al., 1993; Durie 

et al., 1994). Although, both the CD40L and the IL-4 signals stimulated the B CLL cells 

through different pathways, this co-stimulation could have a synergistic effect. 

 

5.2 CD40L on model CLL cells 

 

The CLL microenvironment plays a critical role in modulating NF-κB activity through 

different B-cell signals, such as BCR, TLRs and CD40. Furthermore, stimulation signals via 

various CLL cell receptors and cytokines creates a niche that promotes B-cell survival and 

proliferation, characterized by NF-κB activation. The activation of the NF-κB pathway is 

linked to resistance against conventional chemotherapies and targeted inhibitors such as 

ibrutinib and venetoclax. Signalling through NF-κB stimulation enhances the expression of 

anti-apoptotic proteins MCL-1, BCL-xL and surviving (Jayappa et al., 2017; Souers et al., 

2013). 

Similarly, the ex-vivo CD40L-expressing fibroblast microenvironment promotes B-cells 

(CLL) interaction with accessory cells such as those expressed on the T cells. The interactions 

between malignant B-cells (CLL) and T cells within the lymph nodes microenvironment 

activate NF-κB signalling pathways, leading to the secretion of tumour-promoting cytokines 

and growth factors that support CLL cell proliferation, survival, and drug resistance (Kawano 

et al., 2015; Podar et al., 2009). 

 

5.3 The CD40-CD40L interaction 

 

When the CLL B-cells migrate to the lymph nodes (Figure 5.1), the CD40L comes into 

contact with the CD40 receptors, which lacks intrinsic catalytic activity. and establishes 

sending signals by recruitment of TNF receptor associated factors 1, 2, 3, 5, and 6 (TRAF) 

(Grammer & Lipsky, 2000; Hostager et al., 2000). These TRAF molecules initiate the 

downstream signalling which activates phosphoinositide 3 kinase (PI3K), phospholipase Cγ, 
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mitogen-activated protein kinases (MAPKs), JAK3 and NF-κB (Hömig-Hölzel et al., 2008; 

Grammer & Lipsky, 2000). Then, the JAK3, which is associated with the cytoplasmic tail of 

CD40, becomes phosphorylated, resulting in the activation of STAT3 (signal transducer and 

activator of transcription 3) (Hanissian & Geha, 1997). 

Upon the CD40-CD40L interaction, the following three subfamilies of MAPKs are activated 

the extracellular signal-regulated kinase 1 (Erk1) and (Erk2), the c-jun kinases (Jnk1) and 

(Jnk2), and the kinase p38/MAPK (Craxton et al., 1998; Sutherland et al., 1996).  

MAPKs which are serine/threonine protein kinases, are activated by dual phosphorylation on 

a specific tyrosine and threonine residue, respectively. After that, activated MAPKs 

phosphorylate other nuclear substrates such as the transcription factors c-Jun, Elk-1, Egr-1, 

and Atf-2, which allows them to bind with specific DNA promoter sequences and modulate 

the transcription of specific target genes (Hömig-Hölzel et al., 2008; Van Kooten & 

Banchereau, 2000). 

This co-culture system has demonstrated that the CD40L signals have ability to inhibit the 

spontaneous apoptosis in CLL cells. The same co-culture system was used to determine the 

effect of the aspirin analogue 4HBZ on CLL cells. Pepper et al., found that 4HBZ inhibited 

the pro‐survival effect of CD40L microenvironment. Although, the CD40L co‐culture system 

selectively increased COX‐2 mRNA transcription and protein levels however, the additional 

of 4HBZ under these conditions inhibited COX‐2 expression levels (Pepper et al., 2011).  
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Figure 5.1 The interaction between interleukin-4 (IL-4) and its receptor (IL-4R) triggers the recruitment 

and stimulation of Janus-activated kinase 1 (JAK1), JAK3, and TYK1, which are tyrosine kinases. These 

kinases, in turn, initiate the activation of signal transducer and activator of transcription 6 (STAT6). The 

interaction between CD40 receptor expressed on B-cells and CD40 ligand (CD40L) expressed on T cells recruits 

and activate the tumour necrosis factor receptor-associated factors (TRAFs). Activation of TRAFs leads to 

activate the translocation of nuclear factor-κB (NF-κB) and activator protein 1 (AP1), which are transcription 

factors into the cell nucleus. Stimulation signals of both IL-4R and CD40 interactions enhance the transcription 

activity of activation-induced cytidine deaminase (AID) and Cε germ-line transcripts (Cε GLTs) through NF-κB 

and STAT6 transcription (Geha et al., 2003). 

 

 

5.4 Hypothesis and Aims 

 

CLL cells behave differently when they are stimulated to proliferate in bone marrow and 

lymph nodes compare with their non-proliferative state in the peripheral circulation. 

Therefore, it is also important to evaluate the effect of RG7388 on proliferating CLL cells. 
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In this chapter, the transfected mouse fibroblast cells, expressing either CD40L or NTL were 

used as a monolayer cell to mimic the ex-vivo microenvironment of the CLL cells in the 

human body. In addition, IL-4 was added to enhance the proliferation signals.  

The aims of the work presented in this chapter were. 

• Optimising the fibroblast tissue culture systems for co-culturing the primary CLL cells 

on CD40 ligand expressing irradiated feeder layers.   

• Measuring the expression of the CD40L on the surface of the CD40L mouse fibroblast 

cells. 

• Measuring the stability of the RG7388 (idasanutlin) MDM2 inhibitor in the co-culture 

system. 

• Test the antiproliferative and cytotoxic effect of RG7388 MDM2-p53 binding 

antagonist on the proliferating CLL cells. 

• Determine the effect of CD40L and Il-4 stimulation on the response of the MDM2-p53 

signalling network to RG7388 treatment alone and in combination with a WIP1 

inhibitor. 

• Determine the transcriptional and translational changes in the proliferating CD40L CLL 

cells in response to the combination treatment of MDM2 and WIP1 inhibitor.  

 

5.5 Results 

 The cytotoxic effect of fresh and incubated RG7388 on the growth of wild type 

NALM-6 cells. 

Before commencing co-culture experiments, the stability of the MDM2 inhibitor (RG7388) 

was determined by measuring the efficiency of the drug for growth inhibition of NALM-6 B-

cells. The wild type (+/+) and heterozygous (-/+) TP53 NALM-6 cells were exposed to two 

different RG7388 stocks, one which was freshly prepared prior the experiment and the other 

which was prepared before the experiment and pre-incubated in full medium for 48 hours in a 

37°C CO2 incubator.  

Figure 5.2 shows the effect of RG7388 on wild type NALM-6, for either freshly prepared 

drug or prepared and incubated at 37°C for 48 hours before exposed to heterozygous TP53(-

/+) and wild type TP53(+/+) NALM-6 cells. The heterozygous TP53(-/+) NALM-6 cells were 

used to identify whether the freshly prepared or 48 hours pre-incubated RG7388 had different 



 

169 
 

effectiveness to stabilises the TP53 activity with one functional allele. Under both conditions, 

RG7388 showed a concentration dependent inhibition effect.  

The GI50 inhibition effect of heterozygous TP53(-/+) NALM-6 cells in response to the freshly 

prepared RG7388 was (0.069µM ± 0.003SEM) and with 48 hours incubated RG7388 was 

(0.064µM ± 0.003SEM) (Figure 5.2 A). The GI50 for wild type TP53(+/+) NALM-6 cells in 

response to the freshly prepared RG7388 was (0.071µM ± 0.003SEM) and that for 48 hours 

incubated RG7388 was (0.069µM ± 0.007SEM) (Figure 5.2 B) (Table 5.1). 

There was no significant difference between the effect of the RG7388 which were freshly 

prepared immediately before the experiment compared to the RG7388 which was pre-

incubated at 37°C for 48 hours prior the exposed to both heterozygous TP53(-/+) (p=0.38) 

and wild type TP53(+/+) NALM-6 cells (p=0.30) (Figure 5.3) (Table 5.1).  

The summary Figure 5.3 shows the individual and mean GI50 values for experiments which 

tested the response to either RG7388 which was freshly prepared or pre-incubated for 48 

hours prior the treatment. 

 

 
Figure 5.2 The growth inhibition effect of preincubated or freshly prepared RG7388 on (A) heterozygous 

and (B) wild type TP53 NALM-6 cells. To determine the stability of RG7388 in ex-vivo microenviroment 

experiment, freshly prepared (red line) and 48hr pre-incubated at 37°C in CO2 perior the experiment (dark red 

line) was used to treat the iso-geneic TP53 NALM-6 cell. The growth inhibition determined by XTT assay after 

72 hours after the treatment. The error bar shows an average of minimum (n=4) repeats from independent cell 

passage. The bars show the average mean ± SEM. Each % growth inhibition of independent repeats was 

normalized to it's own DMSO treatment for individual experiment. 
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Figure 5.3 Summary of The GI50 values for RG7388, either freshly prepared or pre-incubated at 370C for 

48 hours prior the treatment on iso-geneic TP53 NALM-6 cell. XTT assay assessed the GI50 of RG7388 after 

72 hours. The response of MDM2 inhibitor freshly prepared (F) or pre-incubated (48hr) are shown in red and 

dark red colours respectively. Each dots represents an independent repeat of experiment. Error bar indicates 

average mean ± SEM of independent minimum repeats (n=4). RG73888 prepared prior the experiment NALM-

6(-/+) (n=4), NALM-6(+/+) (n=6), RG73888 pre-incubated NALM-6(-/+) (n=5), NALM-6(+/+) (n=4). 

Statistical significance was determined by ANOVA test for multiple comparisons, significance taken at p < 0.05. 

There is no significant differences between freshly and pre-incubated RG7388 conditions on either cell lines. 

Only the p-value between (F) and (48hr) of RG7388 treatment for both cell lines are displayed on the graphs. 

 

 

Table 5.1 GI50 of RG7388 freshly prepared (F) or pre-incubated in a full medium for 48 hours at 37°C 

prior the treatment to heterozygous and wild type TP53 NALM-6 cells. The average mean ± SEM values 

were calculated for experiments repeated on consecutive cell passages. RG73888 freshly prepared prior the 

experiment NALM-6(-/+) (n=4), NALM-6(+/+) (n=6), RG73888 pre-incubated NALM-6(-/+) (n=5), NALM-

6(+/+) (n=4). Multiple comparisons ANOVA test was applied to compare between diffrernt RG7388 treatment 

conditions. 
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 The stability of pre-incubated RG7388 in full medium with CD40L expressing 

monolayer cells, tested by the effect on the growth of wild type and heterozygous 

NALM-6 cells 

Here we investigated the stability of pre-incubated MDM2 inhibitor (RG7388) with CD40L 

fibroblast cells for 48 hours prior to testing on NALM-6 cells. Both wild type and 

heterozygous TP53(-/+) NALM-6 cells were used to test against the RG7388 which was 

either freshly prepared or pre-incubated with CD40L fibroblast cells for 48 hours.  

(Figure 5.4) shows the inhibition effect of RG7388 which were pre-incubated with CD40L 

fibroblast cells and IL-4 at 37°C for 48 hours prior to testing on NALM-6 cells. For the pre-

incubated RG7388 with the CD40L fibroblast and IL-4 prior exposed to the NALM-6 cells, 

there was a concentration-dependent effect of the treatment on both wild type and 

heterozygous TP53 cells. The experiment was repeated on six different cell passages. 

The GI50 inhibition effect of pre-incubated RG7388 with CD40L fibroblast and IL-4 was 

(0.045µM ± 0.004SEM) in wild type TP53(+/+) NALM-6 and (0.043µM ± 0.007SEM) in 

heterozygous TP53(-/+) NALM-6 cells. There was no significant difference between the 

effect of pre-incubated RG7388 with CD40L on wild type NALM-6 and heterozygous TP53(-

/+) NALM-6 cells (Figure 5.5). In contrast, the efficacy of RG7388 for growth inhibition of 

NALM-6 cells appeared to be more potent after pre-incubation with the CD40L monolayer 

cells and IL-4 compared with freshly prepared RG7388. Both heterozygous and wild type 

TP53 NALM-6 cells become significantly sensitive to the pre-incubated RG7388 with CD40L 

and IL-4 compared to the absence of CD40L and IL-4 pre-incubation in full medium 

treatment (TP53(-/+) p=0.02) (TP53(+/+) p=0.007) (Table 5.2).  
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Figure 5.4 The growth inhibition effect of (A) heterozygous and (B) wild type TP53 NALM-6 in response 

to RG7388 which was pre-incubated at 37°C with CD40L fibroblast cells for 48 hours. The stability of 

RG7388 in ex-vivo microenviroment CD40L/IL-4 co-culture experiment, RG7388 pre-incubated at 37°C in CO2 

with CD40L/IL-4 (dark green line) and without CD40L/IL-4 (green line) monolayer, freshly prepared perior 

treatment of iso-geneic TP53 NALM-6 cell. XTT assay used to assessed cell growth % inhibition after 72 hours 

of treatment. Each independent repeat of experiment was averaged within itself and normalized to DMSO 

treatment. Bars represent the average of minimum (n=3) mean ± SEM of repeats from independent cell passage. 
RG73888 freshly prepared prior the experiment (n=3), RG73888 pre-incubated with CD40/IL-4 (n=6). 

 

 
Figure 5.5 The effect of RG7388 pre-incubation with CD40L cells and IL-4 for 48 hours prior to testing on 

either TP53 heterozygous or wild type NALM-6 cells. Isogeneic TP53 NALM-6 cells treated either with 

RG7388 pre-incubated with CD40L/IL-4 for (48hr) (dark green line) or freshly prepared (green line) prior the 

experiment. XTT assay was used to assess the GI50 values of treatment after 72 hours. Each dots represents an 

independent repeat of experiment. Bar indicates average mean ± SEM of independent repeats (n=4 with absence 

of CD40/IL-4 and n=6 with CD40/IL-4 pre-incubation). Statistical significance was determined by ANOVA test 

for multiple comparisons, significance taken at p < 0.05. (*, p ˂ 0.05; **, p ˂ 0.001). 
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Table 5.2 The GI50 of RG7388 exposed to CD40L fibroblast cells and IL-4 for 48 hours prior treatment to 

heterozygous and wild type TP53 NALM-6 cells for an additional 48 hours. The average mean and ± SEM 

were calculated for all repeated experiments on consecutive cell passage. RG73888 with absence of CD40/IL-4 

(n=4) and with CD40/IL-4 pre-incubation (n=6). Statistical significance was determined by ANOVA test for 

multiple comparisons, significance taken at p < 0.05. 

 

 

 Optimization of the irradiation conditions for preparation of CD40L monolayer cells 

This section describes experiments to investigate the optimum irradiation doses that can be 

used to stop the proliferation of the CD40L expressing fibroblast cells without affecting the 

subsequent CLL cell metabolic activity and proliferation. The original protocol (Pepper et al., 

2011) suggested 75Gy, however it was hypothesised that a lower dose would be sufficient to 

halt proliferation without having an adverse effect on the ability of the CD40L fibroblasts to 

promote the survival and proliferation of primary CLL cells, as well as being more cost-

effective. Therefore, a range of irradiation doses including 3.75, 7.5, 15 and 30Gy, were used 

to determine the effect of the irradiation on the proliferation activity of the fibroblast CD40L 

cells. Then, the number of the CD40L cells were counted daily for 72 hours. The aim of this 

experiment was to identify the irradiation dose that can maintain the number of the fibroblast 

cells constant without any proliferation or apoptosis/decreases for the duration of the ex-vivo 

experiments with CLL cells supported on the CD40L fibroblast monolayer.  

Figure 5.6 shows how the different irradiation doses (Gy) affected cell proliferation. CD40L 

cells were seeded in four different plates of 24 wells at concentration of 0.6x106 cells/ml for 

0.5ml per well. Each plate was irradiated with different irradiation dose. After that, the feeder 

cells were counted and the microscopic images were taken at the same time for visual 

inspection. Each time point was counted from three different wells. The non-irradiated cells 

were used as a control (0Gy). Cells which were irradiated with either 3.75Gy or 7.5Gy were 

still able to proliferate, as judged by the increased cell number at 48 hours. Even though, at high 

irradiation dose, the monolayer cells appear confluent because, the cells get larger, extended 
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and more flattened. In contrast, at lower irradiation doses, the number of cells per unit area were 

less and the cell counts drop (Figure 5.7).  

 

 
Figure 5.6 Cell count reduction of CD40L fibroblast cell in response to different irradiation doses. CD40L 

cells seededed in 0.6x106 cells/ml in a total volume of 0.5ml/well in four different 24 wells plate. Each plate was 

irradiated with different range of irradiation dose. The cell growth was monitored by counting the number of 

cells every 24 hours for 72 hours in total. Each time point was counted from three different wells and bars show 

the mean ± SEM of intra-experimental repeats. The experiment performed on (n=1) CD40L cells. (Gy=Gray).  
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Figure 5.7 IncuCyte images of mouse fibroblast cells, NTL (the left panel) and CD40L (the right panel) 

irradiated with a range of X-ray doses after 4 days. (A) NTL, no irradiation, (B) CD40L, no irradiation, (C) 

NTL-15 Gray, (D) CD40L-15 Gray, (E) NTL-30 Gray, (F) CD40L-30 Gray, (G) NTL-75 Gray, (H) CD40L-75 

Gy. Cells seededed in 0.6x106 cells/ml in four different 24 wells plate. Each plate was irradiated with different 

range of irradiation dose. Images were taken by the machine on selected time points. (Gy=Gray) 
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 Growth inhibition curves of CD40L and NTL cell line treated by RG7388 

The main aim of the work described in this chapter was to mimic the ex-vivo environment of 

CLL cells by co-culturing the primary CLL cells on a CD40L expressing fibroblast 

monolayer, followed by treatment of the CLL cells with the MDM2 inhibitor to understand 

the effect of the CD40L interaction on the sensitivity of the CLL cells. Thus, further 

experiments were performed to investigate whether the RG7388 had an indirect effect on the 

growth and CD40L expression of the irradiated mouse fibroblast CD40L/NTL cells.  

The fibroblast CD40L and NTL cells were seeded in 96 wells at a concentration of 1x106 cells 

per well in a final volume of 100µl. Then, the cells were treated with different concentrations 

of MDM2 inhibitor (RG7388) in 0.5% DMSO for 4 days. At that end of the exposure, their 

proliferation was measured using an SRB assay (2.4.2).  

Figure 5.8 shows the dose-dependent effect of RG7388 on both CD40L and NTL cells. The 

proliferation of the CD40L and NTL cell monolayers showed minimal reduction and did not 

reach the GI50 value even with a high concentration of RG7388 (3µM).  

 

 
Figure 5.8 The viability of irradiated CD40L and NTL cell treated with MDM2 inhibitor for 96 hours. 

Cells were seeded in 1x106 cells/well in in a final volume of 100µl. The growth inhibition effect of RG7388 

treatment were determined after 72 by SRB analysis. All % of growth was normalized to DMSO treatment for 

individual cell line. Each concentration repeated in three different wells and bars show the mean ± SEM of intra-

experimental repeats. The experiment performed on (n=1) cells. 
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 Checking the expression of CD40L on the surface of fibroblast cells by FACS 

Analysis 

The experiment was performed to confirm the presence of CD40L receptor expression on the 

CD40L fibroblast cells and its absence on NTL cells. The CD40L cells are expected to 

express ligand for CD40 however, the NTL cells should not express CD40 ligand as they are 

an empty vector transfected control cell line.  

FACS analysis results confirmed that positive expression of CD40 ligand was only detected on 

CD40L cells (Figure 5.10) and not on NTL cells (Figure 5.9). Furthermore, the cells, gated out 

in the bottom left corner represent cell debris. The overlays show that NTL cells did not exhibit 

any immunoreactivity for the anti-CD-154 (CD40L) antibody whereas the CD40L cells were 

confirmed to show clear positive staining and hence surface expression of CD-154. 

 

 

 
Figure 5.9 The NTL cells stained with different antibodies to detect the CD40 antigen on their surface. (A) 

Unstained, (B) IgG Iso-type antibody (C) CD-154 antibody, (D) cells gating, (E) all antibodies overlayed with 

background signals from unstained cells. NTL mouse fibroblast cells seeded in concentration of 1x106 cells/ml 

and incubated with CD154 and IgG antibodies in separate tubes for 20min. FACSCalibaur used to detect the 

expression of the fluorescence emission. The experiment performed in (n=1) repeat to determine the expression 

of CD40L on cell surface. 
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Figure 5.10 CD40L cells stained with different antibodies to detect the CD40 antigen on their surface.  (A) 

Unstained, (B) IgG Iso-type, (C) CD-154, (D) cells gating, (E) receptors expression overlayed with background 

signals from unstained cells. CD40L mouse fibroblast cells seeded in concentration of 1x106 cells/ml and 

incubated with CD154 and IgG antibodies in separate tubes for 20min. FACSCalibaur used to detect the 

expression of the fluorescence emission. The experiment performed in (n=1) repeat to determine the expression 

of CD40L on cell surface.  

 

 RG7388 stabilised TP53 expression and activity in primary CLL cells co-cultured with 

CD40L fibroblast cells 

A western immunoblot was performed to determine the change in the expression of TP53 and 

downstream target proteins MDM2 and p21WAF1 for the primary CLL cells after co-culturing 

with CD40L/IL-4 and treatment with RG7388. In addition, the ability of RG7388 to drive the 

proliferative CLL cells which were stimulated with CD40L to apoptosis was examined by 

detection of PARP cleavage.  

The fibroblasts cells were seeded in 24 wells plate at a concentration of 0.6x106 cells/ml and 

then irradiated with 30Gy. On the next day, the primary CLL cells were added in a 

concentration of 1x106 cells/ml including the IL-4 (10ng/mL). Following co-incubation for 6 

hours, the cells were treated with a range of RG7338 concentrations for another 6 hours. 

Then, the CLL cells were collected gently and processed for the western immunoblotting. 

Figure 5.11 shows the protein expression in primary CLL309 cell sample co-cultured with 

CD40L fibroblast cells and IL-4 in response to RG7388 for 6 hours. In addition, RG7388 

treated NALM-6 cells were included as a positive control. RG7388 increased TP53 protein 
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levels in a concentration dependent manner. Moreover, MDM2 and p21WAF were weakly 

induced with RG7388 (3µM) treatment relative to the DMSO control. Total PARP and cPARP 

showed no obvious changes with RG7388 treatment at this early time point. 

 

 
Figure 5.11 Western immunoblot p53 and downstream target proteins in primary CLL309 cells co-

cultured on irradiated CD40L fibroblast cells with IL-4 in response to RG7388. Mouse fibroblast cells 

expressing CD40L was irradiated (30GY). CLL309 cultured on irradiated CD40L/IL4 for 6hrs followed by 

treatment with increasing concentrations of RG7388, including the LC50 concentrations for an additional 6hrs. 

The cell lysate was collected from (n=1) experiment. All strips were from the same membrane which was cut 

into three. The top strip was probed for MDM2 and PARP; the middle for p53 and GAPDH; and the third with 

p21 antibody. GAPDH used as the loading control. Nalm-6 (TP53WT) cells treated with RG7388 for 6hrs used as 

a positive control for molecular weight protein expression. 

 

 CLL cell count increased with CD40L/IL-4 co-culture and was inhibited in a dose 

dependent manner by RG7388 

After the CD40L co-culture was optimised, primary CLL cell experiments were performed to 

determine the effect of RG7338 treatment on CLL cells when they were stimulated to 

proliferate on the CD40L monolayer feeder cells.  
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Initially, the primary CLL cells including IL-4 were co-cultured on the top of the irradiated 

CD40L and NTL fibroblasts monolayer cells. The proliferation rate of CLL cells were varies 

from sample to another. Most likely, CLL cells start to proliferate on the fifth day after CD40L 

stimulation signals. The proliferation of CLL cells were determined by counting the actual 

CLL cells using the cell coulter count and the haemocytometer. Following the CLL cells 

proliferation commenced, different concentrations of RG7388 were exposed to the CLL cells 

microenvironment. 

The monolayer cells were replaced and not become exhausted to keep the CD40L signals 

continually in contact and active with CLL cells. The protocol in details mentioned in (section 

2.11.2). 

CLL284 cells showed a reduction in the CLL count with the DMSO control on the 3rd day of 

CD40L and NTL monolayer co-cultured including IL-4 from the initial seeding time point 

(Figure 5.12). However, the CLL cells initiated to proliferate commonly after the 5th day of 

NTL and CD40L co-culture. Thus, determined the heterogeneity of CLL cells to respond to 

the CD40L/IL-4 signals. Although, RG7388 showed concentration dependent inhibition in the 

proliferation rate, even at the treatment time the CLL cell count was reduced from the seeding 

point. It seems the IL-4 had some signals on proliferation effect on NTL/IL-4 co-culture that 

did not express on the other samples.  

Apart from CLL284, both freshly isolated and cryopreserved CLL samples which were co-

cultured with irradiated CD40L/IL-4 fibroblast cells showed increases in the number of 

untreated (DMSO) cells in a time-dependent manner (right side panel of Figure 5.12 and 

Figure 5.13). Moreover, RG7388 treatment reduces the number of the CLL cells relative to 

the DMSO control at each time point. Interestingly, RG7388 treatment prevented the 

proliferation of the CLL cells which were co-cultured with irradiated CD40L cells. CLL cells 

proliferation was inhibited by more than 50% of cell viability even at the lowest dose of 

RG7388 (0.03µM). 

For the CLL cells which were co-cultured with irradiated NTL/IL-4 fibroblast cells (left side 

panel of (Figure 5.12 and Figure 5.13), the number of the CLL cells decreased whether in the 

presence or absence of the RG7388 treatment. It was clear that CLL cells could not proliferate 

on the irradiated NTL fibroblast cells in the absence of CD40Ligand. However, even in the 

absence of proliferation, the CLL cells number was further decreased in response to the 

RG7388 in a dose dependent concentration manner relative to DMSO control.  
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For further investigation, the p53 pathway activation by RG7388 in CLL cells co-cultured 

with CD40L expressing feeder cells needs to be determined. In addition, since the RG7388 at 

(>1µM) concentration was toxic and able to inhibit the viability of CLL cells in the absence of 

CD40L stimulation, it may prevent the proliferation and survival signal cascades such as 

phosphorylation of ERK and p70 S6 kinase. 

 

 
Figure 5.12 The ex-vivo effect of RG7366 on primary CLL cells co-cultured with NTL/IL-4 (left panel) and 

CD40L/IL-4 (right panel) fibroblast cells. Freshly isolated primary CLL cells (1x106 cell/well) co-cultured 

with irradiated (30Gy) NTL/IL-4 and CD40L/IL-4 fibroblast cells for indicative time points. RG7388 treatment 

was started when the CLL cells showed evidnce of proliferation. Each concentration repeated in three wells and 

bars show the mean ± SEM of intra-experimental repeats. Each line shows an independent cell effect in response 

to the treatment relative to cell number on start treatment. CLL cell count were monitored every 96hrs after 

treatment. The ex-vivo experiment performed on (n=1) for each individual CLL sample. Coulter counter was 

used to count CLL cells. 
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Figure 5.13 The ex-vivo effect of RG7366 on cryopreseved primary CLL cells co-cultured with NTL/IL-4 

(left panel) and CD40L/IL-4 (right panel) mouse fibroblast cells. Immediately after thawed, cryopreseved 

CLL cells (1x106 cell/well) co-cultured with irradiated (30Gy) NTL/IL-4 and CD40L/IL-4 fibroblast cells for 

indicative time points. RG7388 treatment was started when the CLL cells showed evidence of proliferation. Each 

concentration repeated in three wells and bars show the mean ± SEM of intra-experimental repeats. Each line 

shows an independent cell effect in response to the treatment relative to cell number on start treatment. CLL cell 

count were monitored every 96hrs after treatment. The ex-vivo experiment performed on (n=1) for each 

individual CLL sample. Coulter counter was used to count CLL cells. 

 

 

 Estimated IC50 values for RG7388 inhibition of CLL proliferation induced by 

CD40L/IL-4 stimulation 

In the following section, the IC50 of RG7388 on co-cultured CLL cell by CD40L/IL-4 and 

NTL/IL-4 microenvironment was calculated (Figure 5.14 and Figure 5.15). Regarding to the 

results described above (section 5.5.7), the difference in CLL cell count determine the 

inhibition effect of RG7388 over the stimulation signals. The inhibition activity was 

illustrated in Log. inhibition vs. response non-linear fitting format. 

CLL cells signals potentiated the activity of RG7388. CLL cells co-cultured with CD40L/IL-4 

cells become significantly sensitive to RG7388 treatment compared to NTL/IL-4 co-cultured 

CLL cells (p=0.009) (Figure 5.16). 
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Figure 5.14 Effect of RG7388 in response to CLL cells proliferation induced by microenvironment stimuli. 

(A-B) CLL284, (C-D) CLL309, (E-F) CLL311. Freshly isolated CLL cells were ex-vivo co-cultured with either 

NTL or CD40L expressing feeder cells in the presence of IL-4 for indicative time point. CLL cells were treated 

with range of RG7388 at the start of proliferation. CLL cells were counted monitoring change in CLL cell 

number in response to the treatment every 96hrs. Concentration-dependent reduction in CLL cell count in 

response to RG7388 exposure compared with untreated controls condition. Change in % cell count was 

illustrated in Log. inhibition vs. response non-linear fitting format. The IC50 of RG7388 indicated. The ex-vivo 

experiment performed on (n=1) for each individual CLL sample. 
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Figure 5.15 Effect of RG7388 on cryopreserved CLL cells proliferation induced by microenvironment 

stimuli. (A-B) CLL308, (C-D) CLL311. Thawed cryopreserved CLL cells were ex-vivo co-cultured with either 

NTL or CD40L expressing feeder cells in the presence of IL-4 for indicative time point. CLL cells were treated 

with range of RG7388 at the start of proliferation. CLL cells were counted monitoring change in CLL cell 

number in response to the treatment every 96hrs. Concentration-dependent reduction in CLL cell count in 

response to RG7388 exposure compared with untreated controls condition. Change in % cell count was 

illustrated in Log. inhibition vs. response non-linear fitting format. The IC50 of RG7388 indicated. The ex-vivo 

experiment performed on (n=1) for each individual CLL sample.  
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Figure 5.16 The IC50 of RG7388 on CLL cells co-cultured with CD40L and NTL in the presence of IL-4. 

Each colour code represents individual primary CLL sample. The empty circle showed the effect of freshly 

isolated CLL sample and the solid circle showed the effect of cryopreserved. The experiment performed on 

(n=5) different primary CLL samples and data are presented as an average mean ± SEM. Statistically significant 

p-values are indicated by paired t-test one tail. (**, p < 0.005)  

 

 
Table 5.3 The IC50 values for RG7388 in response to the CLL counts relative to DMSO control for 

samples (n=5) co-cultured with either NTL/IL-4 or CD40L/IL-4. Data are presented as an average mean ± 

SEM. Statistically significant p-values are indicated by paired t-test one tail. (**, p < 0.005)  
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 The downstream target protein level of CLL cells induced in response to CD40 

signalling throw the CD40 ligand  

After co-culturing the primary CLL cells with irradiated fibroblast CD40L and NTL including 

IL-4 cells, the change in the downstream protein level in response to the CD40-CD40L 

signals need to determine the proliferation activity. The western blot was performed to 

identify the change in the basal proteins level of proliferation cascade through 

phosphorylation of ERK and p70 S6 kinase activity of primary CLL cells (n=6) in response to 

the stimulation signals of CD40L/IL-4 co-cultured cells. The lysate of the primary CLL cells 

were collected after the CLL cells were co-cultured with CD40L and NTL cells including IL-4 

at 12 hours (Figure 5.17). 

Slightly increases in the phosphorylation activity of ERK in CLL cell co-cultured with 

CD40L/IL-4 monolayer cells compared to NTL/IL-4 controls. This was particularly evident 

with CLL309, which interestingly also showed a strong increase in proliferation when grown 

on the CD40L/IL-4 monolayer.  

Two different isoforms of total ERK (ERK1/2) protein were detected at 44/42 kDa. In the 

CD40L/IL-4 co-cultured, the CLL cells showed increased detection of both isoforms 

compared to the corresponding NTL/IL-4 co-cultured samples. Phosphorylated p70 S6 kinase 

protein was induced with CD40L/IL-4 co-culture compared to the NTL/IL-4 negative control. 

The immunoblots were also probed for MCL-1 and BCL-2 anti-apoptotic proteins to check 

for any CD40L/IL-4 changes in expression, but none were found. 
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Figure 5.17 Western immunoblot of CLL cells ex-vivo co-cultured with microenvironment stimuli. (A) 

Primary CLL samples (n=6) co-cultured with irradiated (30Gy) either NTL or CD40L expressing feeder cells in 

the presence of IL-4 for 12hrs. Phosphorylation activity of pERK and p70 S6 kinase are evidence for 

proliferation signals. MCL1 and BCL2 determine the anti-apoptotic change. β-actin was used as the loading 

control. All strips were from the same membrane. (B) Densitometry analysis determines the change in the 

protein level with NTL/IL-4 and CD40L/IL-4 co-cultured CLL cells. The mean pixel density ratio for all proteins 

was background corrected and the values were normalized relative to β-actin, except pERK and p70 S6 kinase 

for which the ratio was calculated relative to ERK and S6 kinase. Western blot and densitometry analysis 

performed for n=1 experiment. Only significant changes between NTL/IL-4 and CD40L/IL-4 stimulation are 

displayed on the graphs by paired t-test one tail. The p-values less than 0.05 are shown (*, p < 0.05). Data are 

presented as mean ± SEM for all CLL samples.  

 



 

188 
 

 The basal expression of a p53 pathway gene panel for CLL cells co-cultured with 

CD40L/IL-4 

After looking to the changes at the protein expression level, the changes in the mRNA 

transcript levels were investigated for primary CLL cells (n=6) co-cultured with irradiated 

fibroblast cells expressing either CD40L or NTL on their surface in the presence of IL-4 for 6 

hours followed by mRNA extraction.  

Prior to investigating the response to RG7388, an experiment was performed to identify the 

Ct levels as an inverse measure of the basal mRNA expression of a panel of p53 target genes 

in primary CLL cell samples co-cultured with CD40L/IL-4 or NTL/IL-4 monolayers (Figure 

5.18). 

The basal Ct level of PPM1D and TP53INP1 were significantly increased with CD40L/IL-4 

cells co-cultured relative to NTL/IL-4 cells. Moreover, the Ct value of MDM2 showed a trend 

for increase with CD40L compared to NTL however, it was not significant (p=0.2). CDKN1A 

showed a reduction in Ct with CD40L stimulation compared to the NTL signals, indicating an 

increase in gene expression. TP53 gene did not show clear change in the Ct basal level either 

with irradiated CD40L or NTL co-cultured cells (Figure 5.19 A). 

On the pro-apoptotic genes, the basal Ct value of PUMA and BAX appeared to be increased 

with CD40L co-culture compared to NTL. The statistical t-test was applied to calculate the 

differences between the presence and absence of CD40L stimulation. Furthermore, the basal 

Ct expression level for NOXA and FAS showed a significant reduction in Ct values with 

CD40L stimulation compared to NTL, indicating increased expression. CD40L/IL-4 co-

culture significantly induces the Ct level of NOXA (p=0.0017) and FAS (p=0.049) in 

comparison to NTL (Figure 5.19 B).  

On the anti-apoptotic genes, MCL1 and BCL2. There was no significant difference between 

the basal expression of the MCL1 and BCL2 genes with co-culture stimulation of neither 

CD40L versus NTL irradiated cells (Figure 5.19 C). 
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Figure 5.18 The basal mRNA expression of p53 transcriptional target genes of primary CLL cells ex-vivo 

co-cultured with microenvironment stimulation. (A) NTL and (B) CD40L fibroblast cells in the presence of 

IL-4 for 6 hours. Primary CLL samples (n=6) co-cultured with irradiated (35Gy) NTL and CD40L expressing 

feeder cells in the presence of IL-4 for 6hrs. qRT-PCR is used to measure the mRNA expression of p53 

dependent targe genes. DMSO treated cells were used as the calibrator between three replicated intra-

experimental wells. Error bars show the mean ± SEM of different CLL samples. Each colour represents 

individual CLL cell. The experiment performed in (n=1) repeat on each primary CLL sample. 
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Figure 5.19 Summary of the changes in the Ct basal mRNA expression of CLL cells co-cultured with 

CD40L or NTL fibroblast cells for 6 hours (n=6). (A) TP53 negative regulator target genes, (B) pro-apoptotic 

genes, (C) Anti-apoptotic genes. Gene expression compared between CD40L stimulation and NTL negative 

control. The statistical paired t-test one tailed was applied to determine change expression (p-value). The error 

bar represent mean ± SEM. The significance differences between NTL and CD40L stimulation are indicated 

above the horizontal bars. Only the p-values less than 0.05 are shown in (* p < 0.05, ** p < 0.005). 
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 The expression of gene panel for CLL cells co-cultured with CD40L/IL-4 in 

response to WIP1 inhibitor alone 

The aim of the next experiment was to determine the transcriptional mRNA changes of CLL 

cells co-cultured with CD40L and NTL cells followed by WIP1 inhibitor treatment. The 

primary CLL cells co-cultured with irradiated CD40L or NTL fibroblasts in the presence of 

IL-4 for 6 hours prior exposed to GSK2830371 (2.5µM). Following the stimulation, the CLL 

cells were treated with WIP1 inhibitor at (2.5µM) for additional 6 hours. Then, the CLL cells 

were harvested to identifying the changes in the mRNA expression of target genes.  

CD40L/IL-4 co-cultured cells showed that CDKN1A, NOXA and PUMA genes express the 

highest fold change differences in response to WIP1 inhibitor. In contrast, MDM2, CDKN1A, 

PUMA, FAS and NOXA showed the highest fold change expression in response to WIP1 

inhibitor with irradiated NTL co-cultured cells (Figure 5.20). 

The TP53 negative regulator genes showed an increase in the expression of PPM1D, MDM2 

and TP53 with NTL co-culture cells relative to CD40L in response to WIP1 inhibitor. 

Furthermore, TP53INP1 and CDKN1A showed no significant differences neither with NTL 

nor CD40L co-cultured in WIP1 inhibitor (Figure 5.21 A). In contrast, the expression of pro-

apoptotic genes, BAX and FAS were decreased in CLL co-cultured with CD40L compared to 

NTL in the presences of WIP1 inhibitor. In addition, PUMA and NOXA did not show 

significant changes in their expression whether with CD40L nor NTL co-cultured in the 

presence of WIP1 inhibitor (Figure 5.21 B). The anti-apoptotic genes, MCL2 and BCL2 did 

not show much significant difference in response to WIP1 inhibitor with both CD40L and 

NTL co-cultured cells (Figure 5.21 C). 

To sum up, we can determine that WIP1 inhibitor (2.5µM) does not have a significant change 

in the expression of the gene panel on both CD40L and NTL co-cultured cells.  
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Figure 5.20 Fold changes in the mRNA expression of selected p53 transcriptional target genes of primary 

CLL cells co-cultured with ex-vivo microenvironment stimulation in response to WIP1 inhibitor. Primary 

CLL samples (n=3) co-cultured with irradiated (A) NTL and (B) CD40L fibroblast cells in the presence of IL-4 

for 6 hours, followed by treatment of GSK2830371 (2.5µM) for 6hrs. qRT-PCR measured the mRNA gene 

expression. β-ACTIN was used as the endogenous control and DMSO-treated cells were used as the calibrator 

between three intra-replicate wells of the treatment concentration. Error bars represent the mean ± SEM of 

different CLL samples. The experiment performed in (n=1) repeat on each primary CLL sample. RQ values were 

calculated using the formula 2ΔΔCt. 
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Figure 5.21 Summary of the differences in mRNA fold change expression of CLL cells ex-vivo co-cultured 

with either CD40L/IL-4 or NTL/IL-4 fibroblast cells in response to WIP1i (2.5µM) by qRT-PCR. (A) p53 

negative regulator, (B) pro-apoptotic, (C) anti-apoptotic. Primary CLL samples (n=3) co-cultured with ex-vivo 

microenviroment stiulation for 6hrs and followed by GSK2830371 (2.5µM) treatment for additional 6hrs. The 

error bar represent mean ± SEM of different CLL samples. Each dots represent individual CLL sample. Each 

colour represents mRNA expression of certain gene in response to the treatment with NTL and CD40L 

stimulation. The significance differences between NTL and CD40L stimulation are indicated above the 

horizontal bars for each gene by one tail paired t-test, significance taken at p < 0.05. 
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 The expression of the gene panel for CLL cells co-cultured with CD40L in response 

to RG7388 

The purpose of this experiment was to determine the transcriptional change in gene 

expression level of CLL cell co-cultured with fibroblast CD40L or NTL in response to MDM2 

inhibitor after 6 hours of treatment. In addition, examining the change in gene expression 

across range of RG7388 concentrations. 

The primary CLL cells were co-cultured with irradiated fibroblast cells either CD40L or NTL 

for 6 hours prior exposed to RG7388. Following the stimulation, the CLL cells were treated 

with RG7388 (1µM and 3µM) for an additional 6 hours. Then, the CLL cells were harvested 

for identifying the changes in the expression of specific target genes. The fold changes were 

calculated relative to Actin and DMSO treatment. 

In primary CLL cells, the fold change expression of MDM2, CDKN1A, NOXA and PUMA 

were obviously increased with both NTL and CD40L co-cultured cells in response to RG7388 

treatment relative to DMSO untreated response (Figure 5.22). 

The expression of TP53 negative regulator gene in response to the RG7338 (1µM), MDM2 

and CDKN1A genes showed remarkable fold change expression with both CD40L and NTL 

co-cultured cells relative to the DMSO However, there is no differences in MDM2 and 

CDKN1A expression neither with CD40L nor NTL co-cultured cells in response to RG7338 

(1µM). Furthermore, the expression of TP53 gene was decreased with CD40L signals relative 

to NTL co-cultured cells in response to RG7338 (1µM). In addition, TP53INP1 gene did not 

show many changes in its expression with both CD40L and NTL co-cultured cells in response 

to RG7338 (1µM) (Figure 5.23 A). 

In contrast, the pro-apoptotic genes, the expression of PUMA and NOXA were decreased with 

CD40L signals in response to RG7338 (1µM) relative to NTL co-cultured cells. In addition, 

BAX and FAS did not show significant changes in their expression with both CD40L and NTL 

co-cultured cells relative to RG7338 (1µM) (Figure 5.23 B). Moreover, MCL1 and BCL2 

showed no differences in response to RG7338 (1µM) whether in the presence or absence of 

CD40L signals (Figure 5.23 C).  

With RG7388 (3µM), the expression of MDM2 was increased on both CD40L and NTL co-

cultured cells. In contrast, the expression of PPM1D, TP53, TP53INP1 and CDKN1A were 

decreased with CD40L co-cultured cells relative to NTL control (Figure 5.24 A).  
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The expression of pro-apoptotic genes, PUMA, BAX, NOXA and FAS were decreased with 

CD40L co-cultured cells compared to NTL in the presence of RG7388 (3µM) (Figure 5.24 B). 

The MCL1 and BCL2 did not show significant difference in their expression on both CD40L 

and NTL co-cultured cells with RG7388 (3µM) (Figure 5.24 C). 

 

 
Figure 5.22 Fold changes in the mRNA expression of selected p53 transcriptional target genes of primary 

CLL cells co-cultured with ex-vivo microenvironment stimulation in response to RG7388 by qRT-PCR. 

Primary CLL samples (n=3) co-cultured with irradiated (A) NTL and (B) CD40L fibroblast cells in the presence 

of IL-4 for 6hrs, followed by RG7388 (1-3µM) treatment for 6hrs. β-ACTIN was used as the endogenous control 

and DMSO-treated cells were used as the calibrator between three intra-replicate wells of each concentration. 

The experiment performed in (n=1) repeat on each primary CLL sample and the error bars represent the mean ± 

SEM of CLL samples. RQ values were calculated using the formula 2ΔΔCt. 
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Figure 5.23 Summary plot of the differences in mRNA expression of CLL cells ex-vivo co-cultured with 

either NTL control or CD40L expressing fibroblast cells in the response to RG7388 (1µM) for 6 hours on 

separate samples taken from (n=3) patients. The genes are grouped as: (A) p53 negative regulator, (B) pro-

apoptotic, (C) anti-apoptotic. Each point represents the mean value for an individual patient. The error bars in 

each case represent the mean ± SEM for the n=3 patient samples. Each colour represents mRNA expression of 

certain gene in response to the treatment with NTL and CD40L stimulation. One tailed paired t-test p-values are 

shown for the significance of differences between the mean values for NTL control and CD40L stimulated 

samples, significance taken at p < 0.05.  
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Figure 5.24 Summary plot of the differences in mRNA fold change expression of primary CLL cells ex-

vivo co-cultured with either CD40L/IL-4 or NTL/IL-4 fibroblast cells in response to RG7388 (3µM) by 

qRT-PCR.  (A) p53 negative regulator, (B) pro-apoptotic, (C) anti-apoptotic. Primary CLL samples (n=3) co-

cultured with ex-vivo microenviroment stimulation for 6hrs and followed by RG7388 (3µM) treatment for 

additional 6hrs. The error bar represent mean ± SEM of different CLL samples. Each point represents the mean 

value for an individual patient. Each colour showed mRNA expression of certain gene in response to the 

treatment with NTL and CD40L stimulation. One tailed paired t-test p-values are shown for the significance of 

differences between the mean values for NTL control and CD40L stimulated samples, significance taken at p < 

0.05. 
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 The expression of the gene panel in CLL cells co-cultured with CD40L in response 

to RG7388 in a combination with WIP1 inhibitor 

The aim of this experiment is to investigate whether the combination of WIP1 inhibitor 

increases the genetic transcriptional expression by potentiation the activity of RG7388 on 

CLL cells co-cultured with CD40L and NTL. Following the 6 hours co-culture stimulation, 

CLL cells were treated with WIP1 inhibitor in combination with RG7388 for additional 6 

hours. 

In primary CLL cells, the fold change expression of MDM2, CDKN1A, NOXA and PUMA 

were obviously increased with both NTL and CD40L co-cultured cells in response to a 

combination treatment of RG7388 with WIP1 inhibitor relative to DMSO untreated response 

(Figure 5.25 A). In contrast, in the CLL co-cultured with NTL fibroblast cells, the expression 

of PUMA was induced with combination of WIP1 inhibitor with RG7388 (1µM) but no much 

change with RG7388 (3µM) (Figure 5.25 B). 

With RG7388, the expression of MDM2 and CDKN1A were increased with WIP1 inhibitor 

combination treatment on both CD40L and NTL co-cultured cells. In contrast, PPM1D, TP53 

and TP53INP1 did not show much change differences with a combination treatment with 

CD40L and NTL co-cultured cells (Figure 5.26 A and Figure 5.27 A).  

Looking to the pro-apoptotic genes, the expression of PUMA, BAX and NOXA were increased 

with a combination of WIP1 inhibitor with RG7388 in the presence of CD40L co-cultured cell 

signalling however, FAS was decreased (Figure 5.26 B and Figure 5.27 B).  

In comparison, the expression of PUMA and NOXA were increased in the CLL cells co-

cultured with NTL whether in response to RG7388 or in combination to WIP1 inhibitor. In 

contrast, BAX and FAS did not show much increases in their expression relative to 

combination treatment with CLL cells co-cultured with NTL. Furthermore, in the CLL co-

cultured with NTL fibroblast cells, the expression of PUMA showed little increases with 

combination of WIP1 inhibitor with RG7388 (1µM) but no much change with RG7388 (3µM) 

(Figure 5.26 B and Figure 5.27 B). 

Looking to the anti-apoptotic genes, MCL1 and BCL2 did not show fold change differences in 

their expression relative to the RG7388 and WIP1 inhibitor either with CD40L or NTL co-

cultured cells (Figure 5.26 C and Figure 5.27 C). 
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Figure 5.25 Fold change in mRNA ecpression of selected p53 transcriptional target genes of primary CLL 

cells co-cultured with ex-vivo microenvironment stimulation in response to RG7388 in combination with 

WIP1 inhibitor by qRT-PCR. Different primary CLL samples (n=3) co-cultured with irradiated (A) NTL 

control and (B) CD40L fibroblast cells in the presence of IL-4 for 6hrs, followed by RG7388 (1-3µM) treatment 

with and without GSK2830371 (2.5µM) for additional 6hrs. The effect of RG7388 alone represents in dash line, 

and the combination with WIP1i (2.5µM) is solid line. β-ACTIN was used as the endogenous control and 

DMSO-treated cells were used as the calibrator between three intra-replicate wells of each concentration for 

individual sample. The experiment performed in (n=1) repeat on each primary CLL sample and the error bars 

represent the average mean ± SEM of CLL samples. RQ values were calculated using the formula 2ΔΔCt.  
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Figure 5.26 Summary plot comparing the fold changes of the mRNA expression of primary CLL cells ex-

vivo co-cultured with NTL/IL-4 and CD40L/IL-4 fibroblast cells in response to RG7388 (1µM) in a 

combination with WIP1 inhibitor (2.5µM). The genes grouped as: (A) p53 negative regulator, (B) pro-

apoptotic, (C) anti-apoptotic. Primary samples taken from (n=3) separate patient and co-cultured with ex-vivo 

microenvironment stimulation for 6hrs then, followed by RG7388 (1µM) with and without GSK2830371 

(2.5µM) treatment for additional 6hrs. Each colour represents mRNA expression of certain gene in response to 

the treatment with NTL and CD40L stimulation. Each point represents the mean value for an individual patient 

and the error bars in each case represent the average mean ± SEM for the (n=3) patient samples. One tailed 

paired t-test p-values are shown for the significance differences between the mean values for RG7388 treatment 

with or without WIP1i are displayed above the horizontal bars, significance taken at p < 0.05. 
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Figure 5.27 Summary plot comparing the fold changes in mRNA expression of primary CLL cells ex-vivo 

co-cultured with NTL/IL-4 and CD40L/IL-4 fibroblast cells in response to RG7388 (3µM) in combination 

with WIP1 inhibitor by qRT-PCR. (A) p53 negative regulator, (B) pro-apoptotic, (C) anti-apoptotic. Primary 

CLL samples (n=3) co-cultured with ex-vivo microenviroment stimulation for 6hrs and followed by RG7388 

(3µM) with and without GSK2830371 (2.5µM) treatment for additional 6hrs. Each colour showed mRNA 

expression of certain gene in response to the treatment with NTL and CD40L stimulation. Each point represents 

the mean value for an individual patient and the error bars in each case represent the average mean ± SEM for 

the n=3 patient samples. One tailed paired t-test p-values are shown for the significance of differences between 

the mean values for RG7388 treatment with or without WIP1i are displayed above the horizontal bars, 

significance taken at p < 0.05.  
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5.6 Discussion 

 

Primary CLL B-cells alone do not proliferate spontaneously in-vitro. Thus, several studies 

have investigated different stimulation factors to mimic the microenvironments to stimulate 

CLL cells proliferation. The ligation interaction of CD40/CD40L is one of the most effective 

modulators of CLL B-cell growth (Burley et al., 2022; Cantwell et al., 1996; Haselager et al., 

2021). 

Ranheim et al. reported that CD4+ T cells provide cytokines and antigen-dependent co-

stimulatory signals which mimic a dynamic aspect of microenvironment for the tumour in-

vivo (Ranheim et al., 1995). Furthermore, the interaction of CD40L/CD40 induces the activity 

of NF-κB (Cheng & Baltimore, 1996) which effects on the growth, differentiation, and 

apoptosis of CLL cells (Rathmell et al., 1995). 

The survival of the CLL cells in response to both IL-4 and CD40L stimulations was much 

better than the response of non-malignant B-cells. The interaction of IL-4 with its ligand on 

the surface of CLL cells showed an increase in the stimulation of downstream signalling 

cascade without changing in the affinity between ligand and receptor. In contrast, the 

interaction of IL-4 with its receptor on non-malignant B-cells relatively expressed with a very 

low affinity. Furthermore, the interaction of CD40L with its cellular ligand receptors on CLL 

cells showed 30-fold higher binding affinity than non-malignant B-cells. Although, the 

interaction of CD40L in non-malignant B-cells showed a sigmoidal shape response with does 

dependent (Bhattacharya et al., 2015). CLL cells express 3-fold more IL-4 receptor/ligand 

molecules on their surface cell membrane compared to non-malignant B-cells  (Douglas et al., 

1997). Thus, the binding interactions of the IL-4 with their receptors in CLL cells were 

showed much stronger responses than non-malignant B-cells (Bhattacharya et al., 2015).  

CLL B-cells behave differently when they are stimulated to proliferate through different 

molecules and signals in bone marrow and lymph nodes compare with their non-proliferative 

state in the peripheral circulation. Therefore, it was also important to evaluate the effect of 

RG7388 on proliferating CLL cells.  

Irradiated CD40L expressing mouse fibroblast monolayer feeder cells and IL-4 were used with 

primary CLL cells ex-vivo to model the effect of these in-vivo microenvironment proliferation 

signals. In addition, NTL mouse fibroblasts cells, which did not express the CD40 ligand on 

their surface, were included as a negative control. CLL cells were co-cultured by seeding onto 
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the irradiated feeder layer cells (NTL and CD40L) in order to stimulate the CLL cells to 

proliferate.  

IL-4 and CD40L originating from T cells, was shown to be the most efficient ligand for the 

survival effect on CLL cells from spontaneous apoptosis in-vitro. This effect was independent 

of the IGHV status: patients with mutated or non-mutated IGHV status did not show a 

statistically different response to any ligand combination (Bhattacharya et al., 2015). 

In ex-vivo microenvironment of CD40L/IL-4 stimulation, RG7388 as a single agent treatment 

stabilises the activity of TP53 gene on CLL cell samples which have a functional TP53 leading 

to inhibit the proliferation of the CLL cells in a concentration dependent manner in CLL cells 

over time. (Figure 5.12) shows the results for three freshly isolated primary CLL samples; and 

two cryopreserved samples (Figure 5.13). The CLL cells which were treated with high 

concentration of RG7388 (1µM) showed no CLL cells proliferation and cell count number 

remained similar to the seeding cell number. In comparison, there was a substantial increase in 

the number of CLL cells which were untreated (DMSO vehicle control). 

On the NTL feeder layer, the CLL cells were not able to proliferate. Furthermore, there was a 

concentration-dependent decrease in CLL cell counts for the different concentrations of 

RG7388. Although, the inhibition effect of MDM2 inhibitor is differs from CLL cell to 

another thus, the proliferation signals and increasing in CLL cells number were varies from 

sample to another. 

In ex-vivo microenvironment stimulation of CD40L/IL-4, the primary CLL cells became more 

sensitive to RG7388 treatment compared to the effect with NTL/IL-4 co-cultured in the 

absence of CD40L stimulation.  

In this chapter, it was concluded that the MDM2 inhibitor was able to inhibit the proliferation 

of the primary CLL cells ex-vivo co-cultured with CD40L/IL-4. RG7388 limited the number 

of the CLL cells from increasing and proliferating following CD40L/IL-4 stimulation signals 

relative to DMSO.  

On the other hand, the primary CLL cells could not proliferate on the NTL/IL-4 feeder co-

culture which does not express CD40L on the surface even with the presence of IL-4 signals. 

Furthermore, RG7388 showed a concentration-dependent inhibitory effect on CLL cell count 

with IL-4 signals. The ex-vivo microenvironment of CD40L/IL-4 stimulation was able to 

stimulate both freshly isolated and cryopreserved CLL cells. Furthermore, the RG7388 was 

able inhibit proliferation activity in the presence of ex-vivo CD40L/IL-4 stimulation. Also, the 

IC50 of RG7388 on ex-vivo co-cultured CLL cells with CD40L/IL-4 is lower than the IC50 of 
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RG7388 with NTL/IL-4 co-culture (Table 5.3). Thus, ex-vivo CD40L/IL-4 co-cultured CLL 

cells are more sensitive to the RG7388 treatment than NTL/IL-4 co-cultured CLL cells. 

RG7388 was able to continue inhibiting the growth of CLL co-cultured with CD40L/IL-4 

signal stimulation and prevent proliferation.  

Another study reported that CDK inhibitor, CR8, induced the anti-proliferative effect on CLL 

co-cultured with CD154/IL-4 and causing apoptosis in proliferative CLL cells. Treated the 

CD154/IL-4 co-cultured CLL cells with CR8 inhabited the expression of NF-κB transcription 

factors in stimulated CLL cells and NF-κB–regulated genes associated with CLL cell survival 

(Cosimo et al., 2013). 

The western blot (Figure 5.11) showed the changes in the downstream target proteins in 

response to MDM2 inhibitor. RG7388 stabilised the activity of negative regulator of TP53 

target proteins including TP53, MDM2 and p21WAF1. The expression of p53 protein in CLL 

cells co-cultured with CD40L/IL-4 was strongly induced in a concentration dependent manner 

in response to RGG7388 treatment. In addition, both MDM2 and p21WAF1 were slightly 

induced in a concentration-dependent manner with RG7388. The induction of p21WAF1 

indicated the cell cycle growth arrest of CLL co-cultured CD40L/IL-4 within 6 hours of 

RG7388 treatment. The weak expression of these target proteins might indicate the CLL cells 

need longer time to initiate the proliferating signals and for the transcriptional protein to be 

produced and detected. Moreover, the expression of total and cleaved PARP proteins showed 

no obvious changes at this early time point in response to RG7388 treatment relative to 

DMSO. 

In addition, the basal protein level of downstream proliferation and survival signals was 

investigated in 6 different CLL cells co-cultured either with CD40L or NTL in the presence of 

IL-4 for 12 hours (Figure 5.17). The phosphorylation activity of p70 S6 kinase protein was 

induced in the CLL cells co-cultured with CD40L/IL-4 compared to NTL/IL-4. Moreover, 

both the total ERK and its phosphorylation activity were induced in the CLL cells co-cultured 

with ex-vivo CD40L/IL-4 compared to NTL/IL-4.  

The anti-apoptotic proteins, MCL-1 and BCL-2 did not show any difference in their 

transcriptional activity in CLL cells whether co-cultured with ex-vivo CD40L/IL-4 or 

NTL/IL-4 microenvironments. 

Looking at the basal expression level of p53 negative regulator target genes of co-cultured 

CLL cells (Figure 5.19 A), the expression of PPM1D, MDM2 and TP53INP1 were induced 
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with CD40L/IL-4 than NTL/IL-4. Meanwhile, the expression of CDKN1A significantly 

reduced with CD40L/IL-4 co-cultured cells than NTL/IL-4 (p>0.005). 

Consistent with our results, Jacob et al., reported that CD40L/IL-4 stimulation significantly 

induces the DNA synthesis of CLL B-cells (Jacob et al., 1998). Klein et al also illustrated the 

importance of the protein expression level to regulate the B-cells apoptosis, cell cycle and 

DNA repair (A. Klein et al., 2000). Grdisa et. al, also found that an induction in expression of 

the proteins which were related to cell proliferation especially occurred when cells were co-

stimulated with both CD40L and IL-4 (Grdisa, 2003). 

Furthermore, the basal expression level of FAS and NOXA, the pro-apoptotic genes were 

significantly reduced with CD40L/IL-4 than NTL/IL-4 stimulations (Figure 5.19 B). 

However, the basal expression level of PUMA and BAX were increased in CLL cells co-

cultured with CD40L/IL-4 than NTL/IL-4 stimulation. The basal expression of anti-apoptotic 

genes, MCL1 and BCL2 did not show difference in the CLL cells expression level with neither 

CD40L/IL-4 nor NTL/IL-4 (Figure 5.19 C). 

Although, the Fas antigen and its ligand have been identified as critical mediators of apoptotic 

deletion of peripheral, autoreactive B-cells (Rathmell et al., 1995). Rothstein et al. reported 

that CD40L stimulated B-cells induced to express the Fas antigen would be protected from 

Fas mediated deletion by cross-linking of the surface antigen receptor (Rothstein et al., 1995). 

Thus, failure to delete the auto-reactive B-cells in patients with CLL might be due to failed 

Fas mediated apoptosis in those non-malignant cells. Interestingly in our study, we found that 

FAS basal expression was significantly reduced in CLL co-cultured with CD40L/IL-4 

compared to NTL/IL-4 ex-vivo microenvironments. This is due to the stimulation signals of 

CD40/CD40L interactions (Figure 5.19 B).  

Similarly, it was reported that combination of both CD40L and IL-4 stimulation together 

increases the CLL B-cell viability in comparison to the stimulation of each signal alone. 

Furthermore, the overall protein synthesis was increased with CD40L and IL-4 stimulation 

together. A significant increase in the expression of cyclins D2 and D3, which are 

characteristic of late G1-phase, were detected with co-stimulation of CD40L and IL-4. 

Additional to that, cyclin E which is characteristic of the transition from G1 to S-phase was 

induced as well (Wagner et al., 1998).  

Several studies reported that CD40 ligation could be used to upregulate the adhesion and co-

stimulatory molecules in B CLL cells (Buhmann et al., 1999; Van Den Hove et al., 1997). In 

CLL B-cells stimulation, excessive signals of IL-4 further enhance the expression of both B7-

https://www.sciencedirect.com/topics/medicine-and-dentistry/tumor-necrosis-factor-receptor-superfamily-member-6
https://www.sciencedirect.com/topics/medicine-and-dentistry/lymphocyte-antigen-receptor
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1 and B7-2 molecules. Although, additional expression of CD40 might provoke an acquired 

CD40L deficiency syndrome in B CLL cells (Cantwell et al., 1997). 

Another study reported that CD154L/IL-4 co-cultured CLL cells were resistant to dasatinib in 

a combination with either chlorambucil or fludarabine. The optimal utilization of dasatinib 

could involve by combining it with agents like 17-DMAG, which reduced the pro-survival 

signalling triggered by stroma, CD154, and IL-4 (Mccaig et al., 2011). Although, CLL 

patients who expressing the greatest therapeutic resistant challenges are most likely to be 

chemo-refractory, thus novel combination treatment might be effective.  

Looking at the treatment effect of WIP1 inhibitor (2.5µM) (Figure 5.21), GSK2830371 as a 

single agent did not show difference in the fold change expression of negative regulator TP53 

target genes (PPM1D, TP53INP1, TP53, MDM2, CDKN1A), proapoptotic (PUMA, BAX, FAS, 

NOXA) and anti-apoptotic (MCL1, BCL2) genes whether with ex-vivo co-cultured of CD40L 

and NTL in addition to IL-4. However, RG7388 treatment showed reduction in the fold 

change expression of PUMA, NOXA and FAS, the pro-apoptotic genes, of the CLL cell co-

cultured with CD40L/IL-4 compared to NTL/IL-4 (Figure 5.23).  

Similar finding was reported by Ciardullo et al, that RG7388 triggered the activity of 

functional p53 of CLL cells. As a result of restoring its p53-transcriptional activity, leading to 

induces the expression of pro-apoptotic genes. Furthermore, RG7388 initiated the apoptosis 

of CLL samples which possess a functional p53 status.(Ciardullo et al., 2019). 

As a consequence of apoptotic activity and apoptotic genes upregulation, RG7388 

significantly reduces the cell viability of p53-functional CLL samples (Figure 5.23 and Figure 

5.24). This outcome is consistent with the findings of phase I clinical trial that assessed the 

impact of RG7112, an earlier generation of MDM2 inhibitor, on leukaemia (Rossi et al., 

2012). 

In addition, RG7388 upregulating the pro-apoptotic genes and the pro-apoptotic activation of 

functional-p53 CLL cells particularly PUMA, in response to RG7388. Although BAX 

expression changes little compared to the change in PUMA expression  (Ciardullo et al., 

2019). 

Looking at the effect of RG7388 in a combination with WIP1 inhibitor, the fold change 

expression of MDM2, CDKN1A, PUMA, BAX and NOXA were induced in CLL cell co-

cultured with both CD40L/IL-4 and NTL/IL-4 compared to the single treatment of RG7388 

(Figure 5.26 and Figure 5.27). It is interestingly, the pro-apoptotic genes were increased with 
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the combination treatment of RG7388 and GSK2830371 in the CD40L/IL-4 co-cultured CLL 

cells. In addition, the induction of CDKN1A indicted that the co-cultured CD40L/IL-4 CLL 

cells were in arrest growth cell cycle status due to the effect of combination treatment of 

RG7388 and GSK2830371. 

For the BCL family anti-apoptotic gene expression (Figure 5.26 and Figure 5.27), MCL1 and 

BCL2, the absence of upregulation changes whether with RG7388 or in combination with 

WIP1 inhibitor in our study is in line with the results of Ciardullo study that showed 

(Ciardullo et al., 2019).  

In response to treatment, Romano et al. reported that CD40/CD40L interaction stimulation 

alone decrease the spontaneous signalling and drug induced apoptosis with fludarabine 

treatment (Romano et al., 1998). However, both CD40/CD40L interaction and IL-4 signals 

had an influence on apoptosis. Stimulated CD40L and IL-4 signals induce the influence of 

apoptosis of CLL B-cells in response to fludarabine (Romano et al., 1998). Bryostatin, the 

protein kinase C modulator, induced similar effects in response to CLL B-cells stimulated by 

CD40L and IL-4 signals (Kitada et al., 1999). Both of these agents induced elevation of the 

anti-apoptotic BCL2 family protein MCL1 and BCL2 in B CLL cells. In addition, the level of 

NF-κB/Rel nuclear protein was induced with CD40 antigen stimulation in response to 

fludarabine by decreasing the apoptosis in B CLL cells (Furman et al., 2000; Schattner, 2000; 

Hiromura et al., 1999). 

For the first time, CLL cells co-cultured with CD40L/IL-4 was investigated in response to 

RG7388 in combination to WIP1 inhibitor. Taken all demonstrated result together, we identify 

that RG7388 as a single agent treatment effectively blocked the proliferation signals, provided 

to CLL cells through the in-vitro microenvironment model using CD40L and IL4.  

RG7388 induces the expression of p53-target genes and selected pro-apoptotic gene, PUMA, 

of in-vitro CLL cells co-cultured with CD40L. In addition, the combination of WIP1 inhibitor 

further induces the expression of pro-apoptotic gene, PUMA. 
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 Stimulation of CLL Cells by IL-4 
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6.1 Introduction 

 

IL-4 is a pleiotropic glycoprotein discovered in 1982 as a T cell-derived soluble growth factor 

that stimulates B-cell proliferation (Howard et al., 1982; Isakson et al., 1982). By 1986, it was 

identified that the human IL-4 cDNA encodes for 153 amino acid residues of the human 

sequences and the secreted protein produced consists of 129 amino acid residues (F. Lee et al., 

1986; Noma et al., 1986). The secreted IL-4 is produced with various molecular weights of 

15, 18, or 19 kDa, depending upon the N-linked oligosaccharides terminal (Carr et al., 1991).  

IL-4 is a unique cytokine produced by TH2 cells. Following antigen interaction binding, naive 

CD4+ TH cells undergo differentiation into several distinct functional subsets based on the 

expression of its major transcription factor specific cytokine secretion (Schmitt & Ueno, 

2015). For instant, Th1 cells express T-bet and produce IFN-γ; TH17 cells express RORγt and 

produce IL-17. 

TH2 cells are one of the main major sources of IL-4 cytokine production, in addition to other 

cells. TH2 cells are characterized by expression of the transcription factor GATA3 and the 

production of IL-4, IL-5, and IL-13, which are collectively called type-2 cytokines. 

Follicular helper Th (Tfh) cells, another type of CD4+ Th2 cell which are located in the B-cell 

follicles of lymph nodes, also produce IL-4, IL-10, IL-21 cytokines and CXCL13 (Crotty, 

2014; Choi et al., 2024). Unlike TH2 cells, the Tfh cells are defined by the high expression of 

the transcription factor Bcl6 and a low expression of GATA3. Furthermore, Tfh cells produce 

a small quantity of IL-2 cytokines in addition to the high production of IL-4 (Johnston et al., 

2009; Nurieva et al., 2009). 

Natural killer (NKT) cells, a unique subset of T cells recognizing the lipid antigens presented 

by CD1d molecules, also produce IL-4 cytokines. Moreover, several other types of innate 

immune cells are capable of producing IL-4, including eosinophils, basophils and mast cells. 

IL-4 is a cytokine that protects normal and malignant B cells from apoptosis and increases 

sIgM expression on mammalian murine splenic B cells. It is primarily produced by TH2 of 

the type 2 in response to engagement of the T cell receptor, and by mast cells and basophils 

upon cross-linking of the high-affinity receptor for immunoglobulin E (IgE) (Chomarat & 

Banchereau, 1998; Pernis & Rothman, 2002). IL-4 also can be produced by activated natural 

killer T cells and eosinophils (Gessner et al., 2005). In CLL patients, IL-4 target genes are 
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overexpressed by the cells purified from the lymph nodes, compared with cells derived from 

matched blood and bone marrow samples. 

IL-4 interaction enhances the proliferation (Mainou-Fowler et al., 1995), and differentiation 

(Tony et al., 1991) of activated B-cells (CLL). In addition, on binding and stimulation of 

BCR, IL-4 promotes DNA synthesis in activated B-cells after stimulation with sIg and anti-

CD40 antibody (Mainou-Fowler et al., 2001). Moreover, IL-4 enhances the expression of the 

adhesion molecule ICAM (Carlsson et al., 1993) and up-regulates the expression of HLA 

class II and CD23 antigens (Mainou-Fowler et al., 2001; Tony et al., 1991). 

IL-4 signalling is involved in promoting the differentiation and proliferation of TH2 cells, IgE 

synthesis, and gene expression in alternatively activated macrophages through binding to its 

IL-4 receptor (IL-4R) type I (P. Choi & Reiser, 1998). 

Predominantly, the IL-4 signalling pathway is initiated from the IL-4R through the IL-4Rα 

(alpha) polypeptide, which is a component of two types of IL-4Rs (Figure 6.1). The IL-4 type 

I receptor, composed of IL-4Rα and common gamma chain (γc), which is also a subunit of IL-

2, IL-7, IL-9, IL-15, and IL-21 receptor complexes (Goenka & Kaplan, 2011). 

The IL-4 type II receptor is composed of IL-4Rα and IL-13Rα1 subunits. Although, type I 

receptor binds exclusively to IL-4, the IL-4 signals can be stimulated through both IL-4R 

types I and II, whereas IL-13 can only stimulate the type II IL-4R.  

Mainly IL-4 type I receptors are the only IL-4 receptors which are expressed in the 

hematopoietic cells, specifically in T cells, basophils, mast cells, and mouse B-cells. In 

contrast, IL-4 type II receptors are expressed in non-hematopoietic cells (Junttila et al., 2008). 

Ligand binding of the IL-4 to its respective partner, IL-4R activates JAK tyrosine kinase 

motifs, which are associated with the cytoplasmic tails of the IL-4 receptors. IL-4R Type I 

activates JAK1 and JAK3, whereas IL-4R type II activates JAK1, JAK2, and Tyk2. Then, the 

tyrosine residues of the IL-4Rα chain become phosphorylated and act as docking sites for 

other adaptor or signalling molecules such as STAT family of proteins (STAT6) (Kelly-Welch 

et al., 2005).  

The first tyrosine residue of IL-4Rα interacts with the protein-binding domains (PTBs) such 

as insulin receptor substrate (IRS) proteins. Phosphorylated IRS binds to the p85 subunit of 

PI3K to activate the PI3K/AKT cascade, and to the adaptor protein growth factor receptor–

bound protein 2 (GRB2) to activate the Ras/Raf/MEK/ERK signalling cascade. The adaptor 

protein GRB2 binds the phosphorylated IRS receptor and recruit guanine nucleotide exchange 
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factor (GEF) into the complexes. GEF displaces the Guanosine diphosphate (GDP) on 

inactive Ras and replaces it with Guanosine-5'-triphosphate (GTP), which turns Ras into the 

active form. The activated Ras complex then phosphorylates Raf. The activated Raf then 

phosphorylates the downstream MAPK MEK1/2, which phosphorylates and activates the 

final MAPK in the cascade. This pathway is linked to the proliferation of CLL B-cells and 

other cell types such as TH2 and the induction of genes associated with alternatively activated 

macrophages in response to IL-4.  

From the second to the fourth phosphorylated tyrosine residue of IL-4Rα interact with the 

SH2 domain of STAT6. Phosphorylated STAT6 dimerizes and then migrates to the nucleus 

where it binds to the promoters of IL-4 responsive genes, which are associated with IgE 

classes. STAT6 is dephosphorylated by various SH2 domain–containing phosphatases to 

negatively regulate the signalling (Kelly-Welch et al., 2005). 

Hematopoietic cells such as T and B-cells including CLL cells express only the type I 

receptor, whereas cells of the myeloid lineage such as monocytes, macrophages, and 

fibroblasts express both type I and type II IL-4 receptors. 

 

 



 

212 
 

 
Figure 6.1 Interleukin-4 (IL-4) is a glycosylated cytokine that is secreted by T cells, natural killer T cells, 

eosinophils, and mast cells. The IL-4 signal transduction initiated through two different types of IL-4 receptors 

(IL-4Rs) polypeptide complex. IL-4 type I receptor, which is expressed on hematopoietic cells, and IL-4 type II 

receptor, which is expressed on non-hematopoietic cells. The type I receptor composed of the IL-4 receptor 

alpha (IL-4Rα) and common gamma-chain (IL-4Rγc). Type II receptor composed of the IL-4 receptor alpha (IL-

4Rα) and IL-13 receptor alpha (IL-13Rα) which can be stimulated by either IL-4 or IL-13 molecules. IL-4 plays 

an essential role in the development of allergic inflammation and asthma by increasing the expression of Fc 

epsilon RI on the surface of B cells, basophils, and mast cells. In addition, IL-4 is promoting the survival and 

proliferation cascade of the mast cell, basophil, and eosinophil chemotaxis. (Reproduced from R&D systems 

website) 

 

 

6.2 Hypothesis and Aims  

 

CLL patients with progressive disease express a high number of T cells that secrete IL-4 

compared to CLL patients with non-progressive disease or healthy individuals with normal B 

cells. Thus, CLL cells express significantly higher numbers of IL-4Rs compared to normal B 

cells. 

When CLL cells migrate to either bone marrow or lymphoid organs, they are exposed to 

different extracellular signals, which promote their survival and proliferation. IL-4 is one of 

the signals that suppresses the basal apoptotic mechanism by inducing the expression of anti-
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apoptotic proteins and is therefore potentially important in the response to therapeutic 

intervention. 

In this study, I would like to investigate the influence of IL-4 on the ex-vivo response of CLL 

cells to TP53 activation by the MDM2 inhibitor idasanutlin (RG7388) and its combination 

with a WIP1/PPM1D phosphatase inhibitor (GSK280371). IL-4 may increase the metabolic 

activity of CLL cells. 

• The XTT metabolic assay will be used to determine the effect of the compounds on 

the mitochondrial activity and viability of CLL cells in the presence or absence of IL-

4. 

• Western immunoblotting will be used to determine the effect IL-4 on protein 

expression responses to WIP1 and MDM2 inhibitors. 

• qRT-PCR will be used to investigate the changes in gene transcriptional levels 

following treatment with MDM2 and WIP1 inhibitors in the presence and absence of 

IL-4. 

 

6.3 Results 

 

 The effect of IL-4 on the response of CLL cells to the WIP1 inhibitor 

The study was conducted to investigate the effect of WIP1 inhibitor on response to the 

primary CLL cells in the presence and absence of IL-4 cytokine.  

 

6.3.1.1 IL-4 has minimal effect on the response of cryopreserved CLL cells to WIP1 

inhibitor 

 

Three cryopreserved CLL cells were treated with WIP1 inhibitor in the presence of IL-4 

(Figure 6.2). It found that WIP1 inhibitor as a single agent treatment had no or little effect on 

the metabolic activity of the CLL cells either in the presence or absence of IL-4 in comparison 

to the DMSO control. However, in the presence of IL-4 CLL the cells had a higher metabolic 

activity compared to the absence of IL-4.  
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Figure 6.2 The ex-vivo effect of WIP1 inhibitor on viability of cryopreserved CLL cell in the presence of 

IL-4. The left graphs show cells absorbance data at 450nm and the right graphs show cells % viability relative to 

DMSO control normalization. (A-B) 309, (C-D) 310 and (E-F) 311. Different cryopreserved CLL cell samples 

(n=3) exposed to GSK2830371 (2.5µM) for 48 hours with and without IL-4 followed by XTT assay. Each 

experiment was performed once on the primary CLL cells with three intra-replicates. Bars show the mean ± 

SEM of intra-replicate within the experiment. 

 

 

6.3.1.2 The WIP1 inhibitor has little effect on freshly isolated CLL cells either in the 

presence or in absence of IL-4  

 

Four freshly isolated CLL cells express high metabolic activity compared to the cryopreserved 

CLL cells on both conditions, whether in the presence or in the absences of IL-4 (without IL-4 

p=0.009 and with IL-4 p=0.0008) (Figure 6.3). In addition, the presence of IL-4 increases the 

basal CLL cell metabolic activity more than in the absence of IL-4 (p=0.0008) (Figure 6.4).  
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Figure 6.3 The ex-vivo effect of WIP1 inhibitor on primary CLL cell in the presence of IL-4. The left 

graphs show cells absorbance data at 450nm and the right graphs show cells % viability relative to DMSO 

control normalization. (A-B) 313, (C-D) 314, (E-F) 315 and (G-H) 316. Freshly isolated CLL cell samples (n=4) 

treated with GSK2830371 (2.5µM) for 48 hours with and without IL-4 followed by XTT assay. Each experiment 

was performed once on the primary CLL cells with three intra-replicates. Bars show the mean ± SEM of intra-

replicate within the experiment. 
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Figure 6.4 Basal metabolic activity of CLL samples cryopreserved and fresh with the presence of IL-4. 

The white circles represent the cryopreserved CLL samples (n=3) and the solid ones represent the fresh CLL 

samples (n=4). The red colour represents CLL cells absorbance in the absence of IL-4 and the blue colour show 

CLL cells absorbance with IL-4. XTT assay used to determine cells viability after 48hrs of IL-4 treatment. Error 

bars show the average mean ± SEM of different CLL samples. Statistical significance was determined by t-test 

one tail, significance taken at p < 0.05).  

 

6.3.1.3 The presence of IL-4 has a significant protective effect on CLL cell viability 

against the inhibitory effect of WIP1 inhibitor 

 

It is seen that in the absence of IL-4, CLL cells express lower metabolic activity compared to 

the presence of IL-4. In comparison, CLL cells which were treated with IL-4 showed a two-

fold increase in their metabolic activity (Figure 6.5).  

There was no significant difference in the primary CLL cells absorbance for WIP1 inhibitor-

treated compared to the DMSO control, even though with IL-4 treatment, the CLL metabolic 

activity was increased significantly compared to the absence of IL-4. The basal absorbance 

activity level of CLL cells with IL-4 treatment is significantly increased compared to parallel 

CLL cells without IL-4 treatment (p=0.016). Furthermore, in the presence of WIP1 inhibitor 

the viability of CLL cells were significantly increased by IL-4 (p<0.05). The metabolic 

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

A
b

s
 a

t 
4

5
0

 n
m

- +IL -4 -+

C ry o p re s e rv e d F r e s h

P = 0 .0 8

P = 0 .0 3

P = 0 .0 0 8

P = 0 .0 0 9



 

217 
 

activity of the CLL cells in response to the WIP1 inhibitor (2.5µM) (Figure 6.5 B) shows no 

significant difference with or without IL-4 treatment. 

 

 
Figure 6.5 Summary of the results examining sensitivity of CLL cells to the WIP1 inhibitor. The solid 

circles represent the fresh primary CLL samples (n=4), and the empty circles represent (n=3) the cryopreserved 

ones. (A) The absorbance OD value at 450nm with the effect of WIP1 inhibitor in the presences and absences of 

IL-4. (B) The inhibition effect of GSK2830371 (2.5µM) on the metabolic activity of primary CLL cells 

normalized to DMSO control treatment. XTT assay used to determine cells % metabolic activity after 48hrs of 

treatment. Error bars show the average mean ± SEM of total CLL samples. Statistical significance was 

determined by t-test one tail, significance taken at p < 0.05. 
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 Primary CLL samples shows a concentration dependent decrease in viability in 

response to RG7388 with and without IL-4 

 

A study was conducted to investigate the effect of MDM2 inhibitor (RG7388) on primary 

CLL cells in the presence of IL-4. The experiments were performed on both the cryopreserved 

and freshly isolated CLL cells. The results for each set of CLL samples were initially 

represented in separate figures.  

 

6.3.2.1 Presence of IL-4 has protective effect on cryopreserved CLL cells following 

treatment with RG7388 

 

Although, cryopreserve CLL samples become more metabolically activate in the presence of 

IL-4, the RG7388 had a concentration dependent effect on the CLL cells viability. In addition, 

the presence of IL-4 increases CLL cells viability compared to absence of IL-4. RG7388 

causes a reduction in the absorbance value in a concentration dependent manner either with or 

without IL-4.  

Moreover, DMSO normalization shows that RG7388 had a concentration dependent decrease 

on CLL cell viability either with or without IL-4 treatment. Samples CLL310 and CLL311 

showed a protective effect of IL-4 on the response to RG7388, however there was no apparent 

difference observed with sample CCL309, suggesting any protective effect may be sample-

dependent (Figure 6.6). It is of note that for sample CLL309 the basal metabolic activity of 

the thawed CLL cells was particularly low and the result likely to be less reliable.  
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Figure 6.6 The effect of RG7388 on the viability of cryopreserved CLL cells in the presence of IL-4. The 

left graphs show cells absorbance data at 450nm and the right graphs show cells % viability relative to DMSO 

control normalization. (A-B) 309, (C-D) 310 and (E-F) 311. A cohort set of cryopreserved CLL samples (n=3) 

treated ex-vivo with a wide concentration range of MDM2 inhibitor (RG7388) with and without IL-4 for 48 

hours and viability measured by XTT assay. CLL cell viability was normalized to DMSO treatment for 

individual experiment. Each experiment was performed once on the primary CLL cells. Bars show the mean ± 

SEM of three intra-replicate of concentrations within the experiment. 

 

 

6.3.2.2 Freshly isolated CLL cells are less sensitive to RG7388 in the presence of IL-4 

 

Here, we investigated the effect of RG7388 on freshly isolated CLL cells in the presence of 

IL-4 (Figure 6.7). RG7388 reduced the CLL cells viability (absorbance) in a concentration 

dependent manner. Treating fresh isolated CLL cells with IL-4 increased CLL cells metabolic 

activity compared to non-IL-4 treated cells. It was found that freshly isolated CLL cells 

become less sensitive to RG7388 treatment in the presence of IL-4 compared to parallel CLL 
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samples in the absence of IL-4. Although, RG7388 produced a dose dependent reduction in 

metabolic activity with and without the presence of IL-4, there was a clear large protective 

effect of IL-4 against the RG7388 cytotoxicity with all four samples tested.  

 

 
Figure 6.7 The effect of RG7388 on the viability of primary CLL cells in the presence of IL-4. The left 

graphs show cells absorbance data at 450nm and the right graphs show cells % viability relative to DMSO 

control normalization. (A-B) 313, (C-D) 314, (E-F) 315 and (G-H) 316. A cohort set of freshly isolated CLL 

samples (n=4) treated ex-vivo with a wide concentration range of MDM2 inhibitor with and without IL-4 for 48 

hours and viability measured by XTT assay. CLL cell viability was normalized to DMSO treatment for 

individual experiment. Each experiment was performed once on the primary CLL cells. Bars show the mean ± 

SEM of three intra-replicate of concentrations within the experiment. 
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6.3.2.3 IL-4 protects against the inhibitory response of RG7388 on CLL sample 

viability 

 

Figure 6.8 shows a summary of the effect of RG7388 on four freshly isolated CLL samples in 

the presence and absence of IL-4. The CLL cells treated with IL-4 show less sensitivity in 

response to RG7388 compared to treatment with RG7388 alone. Furthermore, there was a 

concentration dependent decrease in viability either with or without the presence of IL-4. 

Treating the CLL cells with IL-4 produced a protective effect against the cytotoxicity of 

RG7388 treatment.  

 

 
Figure 6.8 Summary of freshly isolated primary CLL samples in responses to RG7388 with IL-4. (A) The 

raw data absorbance at 450nm following RG7388 treatment. (B) The dose-dependent inhibitory effect of 

RG7388 on the CLL viability with normalization to DMSO control. The dash line represents the effect of 

RG7388 in the absence of IL-4 and the solid line shows the effect of RG7388 with IL-4. Each colour represents 

the treatment effect of individual CLL sample. Different freshly isolated primary CLL samples (n=4) treated 

with wide range of RG7388 with and without IL-4 for 48 hours and the XTT assay was used to assessed the cell 

viability. The error bar represents three intra-replicates of concentrations within the experiment ± SEM. Each 

colour shows individual primary CLL samples which treated once. 
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6.3.2.4 IL-4 significantly increases the CLL cells metabolic activity and reduces the 

sensitivity to RG7388 

 

Figure 6.9 shows the effect of two different concentrations of RG7388 (1 and 3µM) on seven 

primary CLL samples. There is a significant difference in CLL cell sample response in the 

presence of IL-4 compared to absence of IL-4 treatment. (Figure 6.9 A) The basal expression 

level of CLL cells with DMSO (control) treatment showed a significant increase in the CLL 

sample metabolic activity with IL-4 treatment (p=0.020). (Figure 6.9 B and C) shows the 

effect of IL-4 on the XTT assay 450nm absorbance levels for CLL cell sample metabolic 

activity and its decrease with RG7388 (1µM) and (3µM) treatment. The normalised metabolic 

activity of the CLL samples was consistently significantly increased in the presence of IL-4, 

for both RG7388 (1µM) and (3µM) treatment (p=0.009 and p=0.032) (Figure 6.9 D and E).   

 

 
Figure 6.9 Summary plot comparing the ex-vivo effect of RG7388 on primary CLL cells in the presence of 

IL-4. A cohort of CLL samples (n=7) treated with RG7388 (1, 3µM) with and without IL-4 for 48hrs. The upper 

graphs show raw data absorbance at 450nm at (A) DMSO control. (B) RG7388 (1µM) (C) RG7388 (3µM). The 

lower graphs show the % metabolic activity of the CLL cells relative to DMSO normalization (D) RG7388 

(1µM) (E) RG7388 (3µM). The solid colour circles represent the freshly isolated CLL cells (n=4) and the empty 

circles represent the cryopreserved CLL samples (n=3). The red colour shows the effect of RG7388 without IL-4 

and the blue colour show the effect of RG7388 with IL-4. Error bar represents average mean ± SEM of total CLL 

samples. Paired t-test 2-tailed are shown for the significance differences between the mean values for RG7388 

treatment with or without Il-4 are displayed above the horizontal bars, significance taken at p < 0.05.  
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6.3.2.5 The LC70 value for RG7388-treated primary CLL cells is significantly higher 

in the presence of IL-4 

 

Figure 6.10 shows the LC70 values for seven primary CLL samples treated with RG7388 in 

the presence of IL-4. The summary scatter plot for CLL samples shows a consistent and 

significant increase in the mean LC70 in the presence of IL-4 compared to the absence of IL-4 

(p=0.042) (Figure 6.10). The individual LC70 values for RG7388 were consistently higher in 

the IL-4 treated cells compared to the absence of IL-4 (Table 6.1).  

 

 

 
Figure 6.10 Summary comparing the LC70 values of RG7388 for CLL cells in the presences of IL-4. Each 

colour represents the effect of different CLL sample (n=7) treated with range of RG7388 ± IL-4 for 48hrs by 

XTT assay. The error bar represents the average mean ± SEM of CLL samples. Statistical significance was 

determined by paired t-test one tail between the presence and absence of IL-4 response to RG7388 (p < 0.05).  
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Table 6.1 The LC70 of CLL samples (n=7) in response to RG7388 in the presence and absence of IL-4. (mean ± SEM, 

paired t-test one tail). 
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 The combination treatment of WIP1 inhibitor (2.5µM) and RG7388 reduced the CLL 

sample metabolic activity in a dose dependent manner in either the presence or 

absence of IL-4  

 

The main aim of this study was to determine whether WIP1 inhibitor could potentiate the 

effect of RG7388 on the response of primary CLL samples in the presence and absence of IL-

4. The experiments were performed on both the cryopreserved and freshly isolated CLL cells.  

 

6.3.3.1 Cryopreserve CLL cells showed a small protective effect of IL-4 on the 

combination treatment response to WIP1 inhibitor and RG7388   

 

Cryopreserved CLL samples (n=3) become less sensitive to the combination treatment of 

WIP1 inhibitor (2.5µM) with RG7388 in the presence of IL-4 compared to the absence of IL-

4 (Figure 6.11). There is a dose dependent decrease in metabolic activity either in the presence 

or absence of IL-4. IL-4 substantially increased the basal metabolic activity of the thawed 

cryopreserved CLL samples. There was also some difference in the metabolic activity of 

cryopreserve CLL in response to the combination of WIP1 inhibitor (2.5µM) and RG7388 

with the presence of IL-4.  

Normalizing the combination effect of WIP1 inhibitor (2.5µM) and RG7388 relative to 

DMSO control, the response of the thawed cryopreserved CLL samples with or without IL-4 

was similar. The viability of the cryopreserve CLL cells was reduced by the combination 

treatment in an RG7388 dose dependent manner, with a consistent small protective effect in 

the presence of IL-4. 
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Figure 6.11 WIP1 inhibitor (2.5µM) potentiates the activity of RG7388 in a concentration dependent 

manner either in the presences or abcennce of IL-4. The left graphs show cells absorbance data at 450nm and 

the right graphs show cells % viability relative to DMSO control normalization. (A-B) 309, (C-D) 310 and (E-F) 

311. A cohort of cryopreserve CLL samples (n=3) treated with GSK2830371 (2.5µM) in a combination with a 

range of RG7388 concentrations ± IL-4 for 48 hours. XTT assay used to determine cell viability. The red line 

colour represents the RG7388 treatment and the blue line colour represents the combination treatment effect. The 

dash line represents the treatment effect in the absence of IL-4 and the solid line shows the treatment effect with 

IL-4. Each CLL sample exposed to different treatments in the same experiment. Each experiment performed 

once with three intra-replicates. Concentration. All % of cell viability was normalized to DMSO treatment for 

individual experiment. Bars show the mean ± SEM. 
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6.3.3.2 Freshly isolated CLL cells are less sensitive to combination of WIP1 inhibitor 

and RG7388 in the presence of IL-4 

 

Four freshly isolated CLL samples were treated with RG7388 in combination with WIP1 

inhibitor (2.5µM) in the presence of IL-4 (Figure 6.12). Fresh isolated CLL samples express 

high basal metabolic activity. Addition of IL-4 increased the basal metabolic activity of the 

CLL cells. However, there was a dose dependent inhibition of the metabolic activity by the 

WIP1 inhibitor (2.5µM) in combination with RG7388, whether in the presence or absence of 

IL-4. This difference was maintained on normalization relative to the DMSO control. 

Furthermore, the freshly isolated CLL cells showed a larger protective effect of IL-4 against 

the combination treatment (Figure 6.12) compared to the thawed cryopreserved samples 

(Figure 6.11).  
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Figure 6.12 The combination effect of WIP1 inhibitor with RG7388 on the viability of primary CLL cells 

in the presence of IL-4. The left graphs show cells absorbance data at 450nm and the right graphs show cells % 

viability relative to DMSO control normalization. (A-B) 313, (C-D) 314, (E-F) 315 and (G-H) 316. A cohort of 

freshly isolated CLL samples (n=4) treated with GSK2830371 (2.5µM) in a combination with a range of 

RG7388 concentrations ± IL-4 for 48 hours. XTT assay used to determine cell viability. The red line colour 

represents the RG7388 treatment and the blue line colour represents the combination treatment effect. The dash 

line represents the treatment effect in the absence of IL-4 and the solid line shows the treatment effect with IL-4. 

Each CLL sample exposed to different treatments in the same experiment. Each experiment performed once with 

three intra-replicates. Concentration. All % of cell viability was normalized to DMSO treatment for individual 

experiment. Bars show the mean ± SEM. 
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6.3.3.3 Dose dependent inhibitory effect of RG7388 on freshly isolated CLL samples 

with and without IL-4  

 

In Figure 6.13, CLL cells showed a decrease in their metabolic activity in a dose dependent 

manner whether in the presence or absence of IL-4. Furthermore, CLL cells become less 

sensitive to the effect of the combination treatment in the presence of IL-4 compared to the 

absence of IL-4. CLL315 and CLL316 did not reach the LC50 inhibition effect of the 

combination treatment up to 10µM.  

 

  
Figure 6.13 Summary of freshly isolated primary CLL samples in responses to RG7388 in combination 

with WIP1 inhibitor with IL-4. (A) The raw data absorbance at 450nm following the combination treatment. 

(B) The dose-dependent inhibitory effect of RG7388 and GSK2830371 (2.5µM) ± IL-4 on the CLL viability 

with normalization to DMSO control. The dash line represents the treatment effect in the absence of IL-4 and the 

solid line shows the treatment effect with IL-4. Each colour represents the treatment effect of individual CLL 

sample. Different freshly isolated primary CLL samples (n=4) treated with WIP1i (2.5µM) in combination with 

wide range of RG7388 ± IL-4 for 48 hours and the XTT assay was used to assessed the cell viability. The error 

bar represents three intra-replicates of concentrations within the experiment ± SEM. Each colour shows 

individual primary CLL samples which treated once. 
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6.3.3.4 IL-4 significantly increases the metabolic activity of CLL cells and reduces the 

sensitivity of CLL cells to RG7388 

 

A group of seven CLL primary samples were treated with two different concentrations of 

RG7388 (1 or 3µM) in combination with WIP1 inhibitor (2.5µM) in the presence or absence 

of IL-4 for 48 hours (Figure 6.14). The combination treatment of RG7388 with WIP1 

inhibitor (2.5µM) significantly reduced CLL cells metabolic activity, but to a lesser extent in 

the presence of IL-4. The IL-4 produced an increase in both the raw data mean absorbance at 

450nm (p=0.023) and the normalized percentage metabolic activity in comparison to the 

absence of IL-4 (p=0.016) (Figure 6.14 A&B). Moreover, with the RG7388 (3µM) and WIP1 

inhibitor (2.5µM) combination, both the mean absorbance level (raw data) for the CLL 

samples and the percentage metabolic activity normalised to DMSO control were significantly 

increased with IL-4 treatment (p=0.032 and p=0.055, respectively) (Figure 6.14 C&D).  
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Figure 6.14 Summary plot comparing the ex-vivo effect of RG7388 in combination with WIP1 inhibitor on 

primary CLL cells in the presence of IL-4. A cohort of CLL samples (n=7) treated with RG7388 (1, 3µM) in 

combination with GSK2830371 (2.5µM) ± IL-4 for 48hrs. The upper graphs show raw data absorbance at 

450nm at (A) DMSO control. (B) RG7388 (1µM)+WIP1i (C) RG7388 (3µM)+WIP1i. The lower graphs show 

the % metabolic activity of the CLL cells relative to DMSO normalization (D) RG7388 (1µM)+WIP1i (E) 

RG7388 (3µM)+WIP1i. The solid colour circles represent the freshly isolated CLL cells (n=4) and the empty 

circles represent the cryopreserved CLL samples (n=3). The red colour shows the combination treatment effect 

without IL-4 and the blue colour show the combination effect of with IL-4. Error bar represents average mean ± 

SEM of all CLL samples. Paired t-test 2-tailed are shown for the significance differences between the mean 

values for combination treatment ± IL-4 is displayed above the horizontal bars, significance taken at p < 0.05.  
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6.3.3.5 The RG7388 LC70 values are significantly increased in response to a 

combination of the WIP1 inhibitor in the presence of IL-4 

 

Figure 6.15 shows the LC70 values of seven primary CLL samples treated with WIP1 inhibitor 

and RG7388 in the presence of IL-4. The summary plot of CLL samples shows a significant 

increase in LC70 in the presence of IL-4 (p=0.05) (Figure 6.15). CLL cells become more 

resistant to the combination effect of RG7388 and WIP1 inhibitor (2.5µM) with the presence 

of IL-4. IL-4 produced a protective effect against the combination of RG7388 and WIP1 

inhibitor (2.5µM). The individual LC70 values for a combination of WIP1 inhibitor with 

RG7388 were higher for the IL-4 treated samples (Table 6.2).  

 
Figure 6.15 Summary plot comparing the LC70 values of WIP1 inhibitor in combination with RG7388 for 

primary CLL cells in the presences of IL-4. Each colour represents the effect of different primary CLL sample 

(n=7) in response to the GSK2830371 (2.5µM) and RG7388 treatment ± IL-4 for 48 hrs by XTT assay. The error 

bar represents average mean ± SEM of all CLL samples. Statistical significance was determined by paired t-test 

one tail between the presence and absence of IL-4 in response to the combination treatment (p < 0.05). 
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Table 6.2 The LC70 of CLL samples (n=7) in response to a combination of WIP1 inhibitor with RG7388 in 

the presence and absence of IL-4. The fold changes represent the ratio of GI50 inhibition values in the presence 

and absence in response to the treatment. (mean ± SEM, paired t-test one tail). 

 

 

 RG7388-induced (cPARP) protein is decreased in the presence of IL-4  

 

To investigate potential mechanisms of the IL-4 protective effect, western immunoblotting 

was performed to investigate changes in p53 and its transcriptional target proteins, MDM2, 

p21WAF1 and WIP1. The phosphorylation of p53 was detected to test whether this was 

increased in response to WIP1 phosphatase inhibition. In addition, PARP cleavage was looked 

at as a measure of apoptosis and BCL-2 as an indicator of any anti-apoptotic changes 

associated with the expression level of this protein.      

 

6.3.4.1 IL-4 reduces the expression of cPARP and the stability of P53 of CLL  

 

Sample CLL311 was treated with RG7388 (1µM) as a single agent and in a combination with 

WIP1 inhibitor (2.5µM) in the presence of IL-4 for 6 and 24 hours. The NALM-6 cell line 

was treated with RG7388 (3µM) and is used as a positive control for total p53 protein stability 

(Figure 6.16).  
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For this sample, both the total and cleaved PARP protein signals appeared to be reduced at 6 

hours in the presence of IL-4. In addition, in the absence of IL-4 the cPARP protein level was 

induced by 6 hour and was further increased at 24hr with either RG7388 treatment alone or in 

combination with WIP1 inhibitor. The relative amount of cleaved PARP at 24 hours was 

reduced in the presence of IL-4.  This identification is consistent with the protective effect of 

IL-4.   

RG7388, either alone or in combination with WIP1i increased the level of total p53 protein, at 

6 and 24 hours, but to a lesser extent in the presence of IL-4, particularly at 6 hours. MDM2 

protein expression was also induced at 6 and 24 hours, and to a greater extent relative to p53 

levels in the presence of IL-4, suggesting a more active MDM2 negative feedback on p53 in 

the presence of IL-4. The p53 phosphorylation signals were weak, but appeared to be higher 

in the absence of IL-4 and potentially suppressed when IL-4 was present. p21WAF1 was not 

detected in sample CLL311, either in the presence or absence of IL-4. 

In the absence of IL-4 the BCL2 signal was higher at 24 hours compared to 6 hours time point 

with either single agent RG7388 or in combination with WIP1i. This effect was not apparent 

with the IL-4 treated samples. The strongest effect evident was RG7388 treatment leading to 

the stabilisation of p53 protein in a time-dependent manner. The WIP1 signals were indistinct, 

but the intensity appeared to be diminished in the presence of the WIP1 inhibitor.  

Figure 6.17 densitometry analysis summarises the western immunoblot results of three 

different CLL samples (CLL311, CLL315, CLL316) treated with RG7388 in a combination 

with WIP1 inhibitor (2.5µM) in the presence of IL-4 for 6 and 24 hours. RG7388 stabilises 

the activity of total p53 of CLL cells in the presence and absence of IL-4 and the combination 

of WIP1 inhibitor induces the stabilization further more (Figure 6.17 A&B). MDM2 is 

reduced in response to the combination treatment in the presence of IL-4 compared to absence 

of IL-4 at both 6 and 24 hours (Figure 6.17 C&D). WIP1 inhibitor (2.5µM) inhibited the 

activity of WIP1 protein with the presence and absence of IL-4 (Figure 6.17 E&F). cPARP 

was induced with combination treatment in the presence of IL-4 at 24 hours (Figure 6.17 H). 
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Figure 6.16 Western immunoblot of CLL311 sample treated with RG7388 and WIP1 inhibitor in the 

presence of IL-4. Primary CLL311 cells treated with GSK2830371 (2.5µM) in combination with RG7388 

(1µM) for 6 and 24hrs ± IL-4. RG7388 (1µM) represent the LC50 concentration for CLL311 with WIP1i 

combination treatment in the presence of IL-4. The NALM-6 (TP53WT) cell line treated with RG7388 (3µM) was 

used as a positive control for molecular weight protein expression. RG7388 stabilises the activity of p53 and its 

transcriptional target protein, and the combination of WIP1 inhibitor showed further stabilisation either with or 

without IL-4. The experiment performed on cell extracted lsysate (n=1). Both time point treatments were 

performed in the same condition next to each other on same membrane. The pen marker in the middle of the 

membrane represents the ladder marker protein. GAPDH used as an endogenous control. All strips were from 

the same membrane which was cut into three. The top strip was probed for WIP1, MDM2 and PARP; the middle 

for phospho-p53, p53, and GAPDH; and the third with p21 and BCL-2 antibody. 
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Figure 6.17 Summary of western immunoblot densitometry changes for TP53 and it’s target proteins of 

CLL cells in response to combination of WIP1 ihhibitor with RG7388 in the presence of IL-4. Different 

primary CLL samples (CLL311, CLL315, CLL316) trated with GSK2830371 (2.5µM) in combination with 

RG7388 (1µM) ± IL-4 for 6 and 24hrs. The western immunobloting for each sample was performed on cell 

lysate (n=1) times. The left graphs represent the treatment effect at 6hrs and the right graphs represent the 

treatment effect at 24hrs. (A-B) TP53 (C-D) MDM2 (E-F) WIP1 (G-H) PARP full-length and cPARP. WIP1 

inhibitor potentiates the activity of RG7388 to stabilises TP53 in the presence and absence of IL-4. The mean 

pixel density ratio for all proteins was background corrected and the values were normalized relative to GAPDH, 

except cPARP for which the ratio was calculated relative to full-length PARP. Each colour represents primary 

CLL sample (n=3). The error bar represents the average mean ±SEM for all CLL samples. Statistical significance 

of differences is shown above error bar for compared the effect of IL-4 on RG7388 treatment alone and in 

combination with WIP1i. Only the p-values less than 0.05 are shown by paired t-test one tail. 
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 The synergistic effect of RG7388 with the combination of WIP1 inhibitors in the 

presence of IL-4 on cryopreserved CLL samples 

 

A matrix combination design was used to test the combinations of an extended range of 

RG7388 and WIP1 inhibitor concentrations on CLL cells in the presence and absence of IL-4. 

Wide ranges of RG7388 concentrations were used in combination with WIP1 inhibitor 

concentrations. The experiment was performed to determine whether the combination of 

RG7388 with WIP1 inhibitor had either synergism or antagonism effect with and without IL-

4, and for what dose combinations.  

In the absence of IL-4 (Figure 6.18 A&B), CLL314 showed a concentration dependent 

inhibition effect of RG7388 as a single agent although, CLL cells showed a protective effect 

with concentrations lower than 100nM. Due to the heterogeneity of CLL cells, the inhibition 

effect of RG7388 is varies between samples. In contrast, WIP1 inhibitor up to 10,000nM had 

no inhibition effect on the viability of CLL314 in the absence of IL-4. However, the 

combination of WIP1 inhibitor potentiated the effect of RG7388. The LC50 of RG7388 alone 

was less than 300nM on CLL314 in the absence of IL-4. 

In the presence of IL-4 (Figure 6.19 A&B), WIP1 inhibitor up to (10µM) alone had little (< 

3%) inhibition effect on CLL314 viability while, RG7388 alone showed dose dependent 

inhibition effect. The combination of WIP1 inhibitor potentiated the effect of RG7388. The 

LC50 of RG7388 alone was around 10,000nM for CLL314 in the presence of IL-4. The 

presence of IL-4 produces a protective effect on CLL cells in response to the treatment and 

CLL cells become less sensitive to the treatment. 

The average ZIP synergy score for CLL314 was (26.86) with the combination of RG7388 and 

WIP1 inhibitor in the absence of IL-4 (Figure 6.18 C), while it was (21.16) in the presence of 

IL-4 (Figure 6.19 C). Furthermore, the maximum synergistic effect of the combination 

treatment for CLL314 in the absence of IL-4 was with RG7388 at (30-100nM) and WIP1 

inhibitor (3,000-10,000nM) with peak of 85.58. In comparison to the presence of IL-4, the 

maximum synergistic effect of the combination treatment for CLL314 was increased to 

(3,000-10,000nM) with both RG7388 and WIP1 inhibitor with peak of 42.65. The ZIP 

synergy score of each CLL samples in response to the treatment whether in the presence or 

absence of IL-4 were discussed in the next section. 

The matrix model experiment was performed on three freshly isolated CLL patient samples 

(CLL314, 315, 316) and two cryopreserved CLL sample (CLL310, 311 TH), which were 
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exposed to a wide range of RG7388 and WIP1 inhibitor concentrations in the presence of IL-

4. Following 48 hours of treatment, the CLL cell viability was measured by XTT assay. 

CLL314 illustrated an example of matrix model results and the ZIP synergy score of other 

CLL samples were summarized in the Figure 6.20. 

 

 

 
Figure 6.18 The synergistic effect of RG7388 in combination with WIP1 inhibitors in the absence of IL-4 

on primary CLL314 cells. The matrix model designed to find the synergistic effect and the optimum highest 

concentration to obtain the greatest combination effect. Freshly isolated CLL cells treated with wide range of 

RG7388 and GSK2830371 concentrations (0.01-10µM) for 48hrs. The CLL cell viability assessed by XTT 

assay. DMSO is included as solvent vehicle (control). (A) The graph shows single dose response inhibition 

effect in response to RG7388 and WIP1 inhibitor. (B) The representive  dose response analysis showing the % 

inhibition of cell viability in response to wide range of the treatment (C) Synergy map represent the area with the 

greatest synergy are marked with intense red colour and the square represent the Zero Interaction Potency (ZIP) 

synergy score of the combination treatment. (D) The 3-D diagram shows the peak ZIP synergy score in greater 

interpolated detail. The experiment was performed once on each individual CLL sample in a total of (n=8) 

different samples. The data was analysed by the Synergyfinder.org website.   
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Figure 6.19 The inhibition effect of RG7388 in combination with WIP1 inhibitors in the presence of IL-4 

on primary CLL314 cells. Freshly isolated CLL311 cells treated with wide range of RG7388 and GSK2830371 

concentrations (0.01-10µM) in the presence of IL-4 for 48hrs and the CLL cell viability was determined by XTT 

assay. DMSO is included as solvent vehicle (control). A dose–response matrix design was used to assess synergy 

and determine doses at which the greatest synergy was observed, as determined by the Zero Interaction Potency 

(ZIP) Model. (A) The scatter plot curves shows the percentage inhibition effect of single agent treatment for 

RG7388 and GSK2830371. (B) Matrix table model shows the individual % inhibition effect for each 

combination treatment. (C) Synergy ZIP score in response to combination treatment of RG7388 and 

GSK2830371. The red colour represents the synergistic effect and the intensity of red colour represents the 

highest synergistic effect of the combination treatment. (D) The 3-D plot shows the peak ZIP synergy score in 

greater interpolated detail. The experiment performed once on each individual CLL sample (n=1). The 

Synergyfinder.org website identifies the range of ZIP scores for a synergistic effect to be greater than 10 and any 

score less than 10 is defined as an antagonistic effect.  
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6.3.5.1 The average synergy ZIP score of RG7388 and WIP1 inhibitor differs between 

fresh and cryopreserved CLL samples 

 

Of the five primary CLL samples, two were thawed cryopreserved samples (TH) and three 

were freshly isolated, and these were treated with a range of combination concentrations of 

RG7388 and WIP1 inhibitor in the presence and absence of IL-4 for 48 hours (Figure 6.20).  

Most of the CLL samples, except for CLL310, showed a reduction in the average ZIP synergy 

score to a varying extent for the combination effect of RG7388 and WIP1 inhibitor with IL-4 

compared to the combination effect without IL-4. However, there was no significant 

difference in the average ZIP score across the set of CLL samples between the presence and 

the absence of IL-4 (Figure 6.20 B). Although, CLL cells which were treated with a 

combination without IL-4 show a scattered ZIP score distribution, the ZIP scores appeared to 

have a narrow distribution in the presence of IL-4 (Figure 6.20 B).  

Regarding to the average ZIP score values (Figure 6.20 C&D), freshly isolated CLL cells 

showed a higher synergistic effect of combination treatment of RG7388 and WIP1 inhibitor 

without IL-4 compared to in the presence of IL-4. Freshly isolated CLL cells become less 

sensitive in response to RG7388 and WIP1 inhibitor in the presence of IL-4. The synergistic 

effect of the combination treatment cannot be evaluated separately for cryopreserved CLL 

samples due to fluctuating responses and limited number of samples. 
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Figure 6.20 Summary displaying the synergy score of WIP1 inhibitor and RG7388 on CLL samples in the 

presence of IL-4 determined by zero interaction potency (ZIP) model. Different primary CLL samples (n=4) 

treated with range of RG7388 in combination with GSK2830371 with and without IL-4 for 48hrs followed by 

XTT assay to determine cell viability. The red dots represents the synergy score without IL-4 and blue dots 

shows the presence of IL-4. (A) ZIP synergy score for individual CLL sample in response to combination 

treatment with and without IL-4. (B) Difference between the mean ZIP scores of combination treatment ± IL-4. 

The error bars show ± SEM of total CLL samples (n=4). (C) Value of the mean ZIP score for each individual 

CLL sample. (D) The induction of mean ZIP scores with the presences of IL-4 compared to the absence of IL-4. 

Each CLL sample was normalized to independent DMSO treatment for individual sample. The ZIP score 

analysed using Synergyfinder.com. Statistical significance was determined by one tail t-test.  
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6.3.5.2 The peak synergy ZIP score for RG7388 and WIP1 inhibitor-treated CLL 

samples mostly decreases with the effect of IL-4 

 

(Figure 6.21 A) shows the peak ZIP synergy score for each CLL sample in response to the 

combination effect of RG7388 and WIP1 inhibitor with and without the effect of IL-4. The 

majority of the CLL samples showed a reduced peak synergy response to the RG7388 and 

WIP1 inhibitor combination in the presence of IL-4 (Figure 6.21 B). Overall, IL-4 reduces the 

degree of synergy, as well as having a protective effect against RG7388 alone or in 

combination with WIP1 inhibitor.  

 

 
Figure 6.21 The peak synergy score of CLL samples in response to WIP1 inhibitor and RG7388 of IL-4. 

(A) The value of the peak ZIP score for each individual CLL sample (n=5). (B) The difference in the peak ZIP 

score for each individual CLL sample with and without the presence of IL-4 in grey and black column 

respectively. In 4 out of 5 CLL samples, the CLL cells express less synergistic effect of WIP1 inhibitor and 

RG7388 in the presence of IL-4 compared to the absence of IL-4. Fresh isolated CLL (F), Thawed sample (TH). 
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6.3.5.3 Freshly isolated CLL cells have a significantly reduced peak ZIP synergy score 

for combination treatment with RG7388 and WIP1 inhibitor in the presence 

of IL-4 

 

The peak synergy score for freshly isolated CLL cells treated with WIP1 inhibitor and 

RG7388 was reduced in the presence IL-4 relative to the absence of IL-4 (Figure 6.22 A). 

CLL cells also become less responsive to the WIP1 and MDM2 inhibitor combination in the 

presence of IL-4. IL-4 appears to induce a protective mechanism against the effect of WIP1 

inhibitor and RG7388 (Figure 6.22 B). There was a significant difference in the normalised 

inhibition peak ZIP synergy scores for CLL cells treated with the combination in the presence 

of IL-4 activity compared to the effect of the combination treatment in the absence of IL-4 

(p=0.04).  

 

 
Figure 6.22 Summary effect of IL-4 on the synergistic response of freshly isolated CLL samples to 

RG7388 and WIP1 inhibitor combination. (A) The peak ZIP synergy score of individual freshly isolated CLL 

cells in the presence of IL-4. (B) When the ZIP score is normalised (to the absence of IL-4) there is a significant 

difference in the inhibition peak ZIP synergy score of the CLL sample in the response to RG7388 and WIP1 

inhibitor between the presence and the absence of IL-4 (p=0.02). Statistical significance was determined by one 

tail t-test. Fresh isolated CLL (F). 
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 IL-4 induces the transcription level of anti-apoptotic genes following treatment with 

the WIP1 inhibitor 

 

In this section, these mechanistic investigations are extended to the gene transcriptional level. 

The changes in transcriptional messages of TP53 target genes and that of the anti-apoptotic 

genes MCL1 and BCL2 were measured, to determine the effect of the WIP1 and MDM2 

inhibitors on CLL cells. In these experiments, the CLL cells were treated with a range of 

RG7388 and WIP1 inhibitor concentrations in the presence of IL-4 for 6 and 24 hours. The 

genes included TP53 negative regulator target genes (TP53, MDM2, PPM1D and CDKN1A), 

the pro apoptotic genes (PUMA, NOXA, BAX and FAS), the CDKN1A gene to identify cell 

growth arrest signalling, and the anti-apoptotic genes, MCL1 and BCL2.  

Four different CLL samples were treated with the WIP1 inhibitor (2.5µM) in the presence of 

IL-4 for 6 and 24 hours (Figure 6.23). The mRNA expression of the chosen gene set was 

measured by qRT-PCR following 6 and 24 hour treatment times, TP53 and TP53INP1 are 

expressed following the WIP1 inhibitor (2.5µM) alone (Figure 6.23 A), however, FAS and 

TP53INP1 are expressed upon the addition of IL-4 (Figure 6.23 B). Following the 24-hour 

treatment, PUMA and PPM1D show an induction following treatment with the WIP1 inhibitor 

(2.5µM) alone (Figure 6.23 C). Addition of IL-4 increases expression of PUMA, TP53INP1, 

NOXA and BAX (Figure 6.23 D). The statistical fold change differences between the mRNA 

expression in presences and absence of IL-4 were identified in different figures. 
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Figure 6.23 Fold changes in mRNA expression of selected genes in response to WIP1 inhibitor (2.5µM) in 

the presence and absence of IL-4 by qRT-PCR. Primary CLL samples (n=4) treated with GSK2830371 

(2.5µM) with and without IL-4 for (A&B) 6hrs and (C&D) 24hrs. β-ACTIN used as the endogenous control and 

DMSO-treated cells were used as the calibrator between three intra-replicate wells of treatment concentration. 

Error bars represent the mean ± SEM of different CLL samples. The experiment performed in (n=1) repeat on 

each primary CLL sample. RQ values were calculated using the formula 2ΔΔCt.  

 

6.3.6.1 Summary of the mRNA expression for certain TP53 target genes with WIP1 

inhibitor in the presence of IL-4 at (6hr)  

 

The following section is showing the differences in the mRNA expression of certain genes 

after treated the CLL cells with WIP1 inhibitor at (2.5µM) in the presence and absence of IL-

4 for 6 and 24 hours. The genes were chosen based on the fold change increase in their mRNA 

expression between the presence and absence of IL-4. It is clear there was no significance 

differences in fold change expression of any of the gene panel with WIP1 inhibitor at 6 hours 

with the presence of IL-4 (Figure 6.24). Although, there was an increase in the expression of 
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pro-apoptotic genes NOXA and FAS in the presence of IL-4 however, it is non-significant 

(p=0.4, p=0.08).  

At 24 hours, the mRNA expression of PPM1D showed more than 4-fold increase in response 

to WIP1 inhibitor in the absence of IL-4 which is lost in the presence of IL-4. In addition, 

PUMA showed 3-fold increases in response to WIP1 inhibitor in the absence of IL-4 

compared to presence of IL-4 (Figure 6.25).  

 

 
Figure 6.24 Summary comparing the fold change of TP53 target gene expression in response to WIP1 

inhibitor (2.5µM) in the presence of IL-4 for 6hrs. (A) negative regulator p53 genes. (B) pro-apoptotic genes 

(C) Anti-apoptotic genes. Each point represents the mean value for an individual patient. Each colour showed 

mRNA expression of certain gene in response to GSK2830371 (2.5µM) with and without IL-4. The error bar 

represent mean ± SEM of different CLL samples (n=4). Statistical significance was determined by paired t-test 

one tail between the presence and absence of IL-4 in response to WIP1i (p < 0.05). 
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Figure 6.25 Summary comparing the fold change of the TP53 target gene expression in response to WIP1 

inhibitor (2.5µM) in the presence of IL-4 for 24 hrs.  (A) negtive regulator p53 genes. (B) pro-apoptotic genes 

(C) Anti-apoptotic genes. Each point represents the mean value for an individual patient. Each colour showed 

mRNA expression of certain gene in response to GSK2830371 (2.5µM) with and without IL-4. The error bar 

represent mean ± SEM of different CLL samples (n=4). Statistical significance was determined by paired t-test 

one tail between the presence and absence of IL-4 in response to WIP1i (p < 0.05).  
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 RG7388 induces the mRNA upregulation of TP53 target genes in CLL cells with and 

without the presence IL-4 

 

A wide range of RG7388 concentrations were used to determine the response of four primary 

CLL samples in the presence of IL-4 at 6 and 24 hours (Figure 6.26). After 6 hours treatment 

with RG7388, the mRNA expression of the majority of the gene set is induced at 0.3µM 

concentration especially PPM1D, MDM2 and PUMA. Following with the next 1µM 

concentration, PPM1D showed the highest fold change expression relative to DMSO control. 

In addition, most of the gene set, TP53, TP53INP1, CDKN1A, NOXA and BAX showed fold 

change induction with a concentration dependent of RG7388 apart from MDM2 and PUMA 

which showed a decrease in their fold changes. In contrast, the anti-apoptotic genes, MCL1 

and BCL2 showed a decrease in their fold change expression relative to DMSO. (Figure 6.26 

A). In the presence of the IL-4, MDM2, PUMA, PPM1D and CDKN1A show high fold 

changes for 6 hours treatment of RG7388 in the presence of IL-4 across other gene set (Figure 

6.26 B).  

Following 24 hours with RG7388 alone, PUMA is only gene that is increased (5-fold) 

following RG7388 (0.3µM) compared to the other genes. Higher concentration of RG7388 

(1µM) is decreased crashed and no increased fold changes in expression were detected 

(Figure 6.26). Addition of IL-4 with the RG7388 (0.3µM) for 24 hours increased the fold 

change expression of MDM2, TP53INP, CDKN1A, FAS and NOXA (Figure 6.26 C). 

Moreover, expression of CDKN1A and NOXA was higher following treatment with RG7388 

(1µM) in the presence of IL-4 compared to MDM2 and FAS which show a small reduction in 

their mRNA expression (Figure 6.26 D). The statistical t-test will be provided in the following 

summary section at which the fold change of mRNA expression was compared between the 

presence and absence of IL-4. 
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Figure 6.26 Fold changes in the mRNA expression of gene set with RG7388 treatment in the presence and 

absence of IL-4 qRT-PCR. Primary CLL cells (n=4) treated with RG7388 (0.1-0.3-1μM) (A&B) 6hrs (C&D) 

24hrs with and without IL-4. mRNA expression normalised to untreated control DMSO solvent and β-ACTIN by 

acting as the calibrator between three intra-replicated wells of each concentration for each independent sample. 

The experiment performed in (n=1) repeat on each independent CLL sample. Each colour represents certain gene 

and the error bars represent the mean ± SEM of CLL samples. RQ values were calculated using the formula 

2ΔΔCt. 
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6.3.7.1 IL-4 induces mRNA upregulation of pro-apoptotic TP53 target genes in CLL 

cells following treatment with RG7388 for (6hr) 

 

RG7388 (0.1µM) alone induced the mRNA expression of PUMA at 6 hours following 

treatment. The addition of IL-4 induced the expression of CDKN1A, FAS and NOXA at 6 

hours treatment (Figure 6.27 A&B). 

Furthermore, the effect of RG7388 (0.3µM) in the absence of IL-4 was to increase the fold 

change expression of the MDM2 gene. There is one primary CLL sample that showing an 

induction in the PPM1D, TP53INP1, CDKN1A and PUMA genes expression (Figure 6.27 C). 

The presence of IL-4 following treatment with RG7388 (0.3µM) induced an increase in the 

fold change expression of MDM2, TP53INP1, CDKN1A, PUMA, BAX and NOXA after 6 

hours of treatment (Figure 6.27 D). 

Treatment with RG7388 (1µM) as a single agent induced the mRNA expression of PPM1D, 

TP53INP1, CDKN1A and PUMA. There is one primary CLL sample that was an outlier- 

expressing high fold changes (7-folds) in the expression of PPM1D, MDM2, BAX and FAS 

(Figure 6.27 E). This sample had a high basal mRNA expression compared to the other CLL 

cells in the cohort. Regarding to the basal mRNA expression of PPM1D in (n=11) CLL 

samples in my study, I found the mRNA expression of the PPM1D is varies between CLL 

samples.  

The presence of IL-4 induced the expression of PPM1D, MDM2, CDKN1A and PUMA genes 

expression following RG7388 (1µM). Moreover, only one primary CLL sample had a high 

fold change expression in BAX, FAS and NOXA (Figure 6.27 F).  
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Figure 6.27 Summary of fold change in gene expression of CLL cells treated with RG7388 for 6 hrs in the 

presence and absence of IL-4. (A&B) RG7388 (0.1µM), (C&D) RG7388 (0.3µM), (E-F) RG7388 (1µM).  The 

experiment performed one time on individual primary CLL samples (n=4). Each point represents the mean value 

for an individual patient and the error bars in each case represent the average mean ± SEM for the patient 

samples. Each colour represents mRNA expression of certain gene in response to the treatment. β-ACTIN and 

DMSO treated cells normalized the three intra-replicate wells of each concentration. RQ values were calculated 

using the formula 2ΔΔCt. 

 

 

 

 

 

 



 

252 
 

6.3.7.2 RG7388, in the presence of IL-4 significantly induces the mRNA expression of 

CDKN1A and FAS gene 

 

The following is a summary of the previous data with statistical analyses. The fold changes in 

the mRNA expression of certain genes that showed an increase in response to RG7388 in the 

presence and absence of IL-4. 

A comparison between the effect of RG7388 concentrations (0.1, 0.3 and 1µM) in the 

presence and the absence of IL-4 at 6 hours on selected genes is shown in Figure 6.28. There 

is no significant change in the expression of MDM2 across the different concentrations of 

RG7388 with and without the effect of IL-4. Moreover, PPM1D has no obvious changes in 

the expression of mRNA in response to RG7388 concentrations with and without IL-4 except 

for one CLL sample that has high expression with RG7388 (0.3 and 1µM) in the absence of 

IL-4.  

For CDKN1A, there is a trend for an increase in the mRNA expression in the response to 

RG7388 with the effect of IL-4. RG7388 (0.1 and 0.3µM) does not alter PUMA expression 

either with or without the presence of IL-4. However, RG7388 (1µM) in the presence of IL-4 

induces the expression of PUMA in comparison to its expression following RG7388 alone 

(p=0.014). Furthermore, there is a trend towards an increase in FAS expression in response to 

the RG7388 in the presence of IL-4.  
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Figure 6.28 Summary plot comparing the differences in mRNA expression of TP53 target gene in response 

to RG7388 with and without IL-4 for 6 hrs. Primary different CLL samples (n=4) treated with RG7388 (0.1, 

0.3, 1µM) in the presence of IL-4. Selected genes showed an increase in response to the treatment, MDM2, 

PPM1D, CDKN1A, PUMA, BAX, FAS. The experiment performed one time on individual primary CLL samples 

(n=4). Each point represents the mean value for an individual patient and the error bars in each case represent the 

average mean ± SEM for the patient samples. Each colour represents mRNA expression of certain gene in 

response to the treatment. Statistical significance of differences is shown for each treatment compared the 

presence and absence of IL-4 using paired t-test one tailed. 
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6.3.7.3 IL-4 upregulates the expression of CDKN1A and pro-apoptotic TP53 target 

genes (FAS, NOXA) following RG7388 treatment for (24hr) 

 

this section is showing the fold changes in mRNA expression for a panel of gene in response 

to RG7388 for 24 hours. The statistical test for the genes that showed an increase in their 

mRNA expression will be displayed in the summary section. 

In (Figure 6.29 A), primary CLL cells were treated with RG7388 (0.1µM) for 24 hours. The 

CLL cells do not show significant changes in the translation level of TP53 target gene 

expressions. There is only one individual CLL sample that shows an increase in the 

expression of PPM1D, PUMA, BAX and FAS genes. However, with the presence of IL-4, 

treatment with RG7388 (0.1µM) increased the expression of PPM1D, MDM2, TP53INP1, 

CDKN1A, PUMA, BAX and especially FAS, which showed the highest fold change expression 

(2-fold increase) (Figure 6.29 B).  

Furthermore, with RG7388 (0.3µM) treatment at 24 hours, the CLL cells show an induction in 

the mRNA expression of MDM2, PUMA, BAX and FAS (Figure 6.29 C). Addition of IL-4 with 

RG7388 (0.3µM) at 24 hours induces the expression of TP53INP1, CDKN1A, PUMA, BAX, 

NOXA and FAS. CLL311 showed high expression mRNA level of MDM2 compared to the rest 

of the CLL samples in the cohort (Figure 6.29 D).  

The fold change expression in response to RG7388 (1µM) at 24 hours is increased only with 

CLL316 for the mRNA expression of MDM2, PUMA, BAX and FAS genes (Figure 6.29 E). In 

response to RG7388 (1µM) in the presence of IL-4 at 24 hours, MDM2, CDKN1A, FAS and 

NOXA show an increase in the fold change expression (Figure 6.29 F). 
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Figure 6.29 Summary plot of differences in mRNA expression of CLL cells treated with RG7388 in the 

presence and absence of IL-4 for 24hrs. (A&B) RG7388 (0.1µM), (C&D) With RG7388 (0.3µM), (E&F) 

RG7388 (1µM). Each point represents the mean value for an individual patient (n=4) and the error bars in each 

case represent the average mean ± SEM of all samples. Each colour represents mRNA expression of certain gene 

in response to the treatment. β-ACTIN and DMSO-treated cells normalized the three intra-replicate wells of each 

concentration. RQ values were calculated using the formula 2ΔΔCt. 
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6.3.7.4 The mRNA expression of FAS and CDKN1A and MDM2 mRNA are induced 

with RG7388 treatment in the presence of IL-4 at (24hr) 

 

Selected genes showing changes in their mRNA expression were chosen from the set panel to 

compare the effect of IL-4 in response to RG7388 (Figure 6.30). There is a trend in response 

to RG7388 either in the presence or in absence of IL-4. MDM2, PPM1D, CDKN1A and FAS 

show an increase in their mRNA expression level whenever the IL-4 was added. PUMA 

shows an induction in mRNA fold change expression with RG7388 at concentrations (0.1 and 

0.3µM). Moreover, the presence of IL-4 reduces the fold change expression relative to the 

effect of RG7388 (0.3 and 1µM) in the absence of IL-4. The mRNA fold change expression in 

CDKN1A is induced with the additional of IL-4. CLL samples were treated with RG7388 

(0.1µM) and with IL-4 (p=0.77).  
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Figure 6.30 Summary plot comparing the fold change of the TP53 target gene expression in response to 

RG7388 with and without the effect of IL-4 for 24hr. Primary different CLL samples (n=4) treated with 

RG7388 (0.1, 0.3, 1µM) in the presence of IL-4. Selected genes, MDM2, PPM1D, CDKN1A, PUMA, BAX, FAS 

showed an increase in response to the treatment. Each point represents the mean value for an individual patient 

and the error bars in each case represent the average mean ± SEM for the patient samples (n=4). Each colour 

represents mRNA expression of certain gene in response to the treatment. Statistical significance of differences 

is shown for each treatment compared the presence and absence of IL-4 using paired t-test one tailed. 
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 The mRNA expression of CDKN1A is induced by the combination effect of WIP1 

inhibitor and RG7388 in the presence of IL-4  

 

Four primary CLL cells were treated with wide ranges of RG7388 concentrations (in 

combination with WIP1 inhibitor at (2.5µM) in the presence or absence of IL-4 for 6 and 24 

hours. The mRNA levels were measured on the gene panel (Figure 6.31). Following with 6 

hours of RG7388 and WIP1 (2.5µM) combination treatment, MDM2, TP53INP1 and PPM1D 

genes were induced with RG7388 (0.3µM). In comparison, all other genes in the panel were 

decreased with a combination of RG7388 (1µM) with WIP1 inhibitor (2.5µM) (Figure 6.31 

A). The presence of IL-4 in RG7388 and WIP1 inhibitor treated cells at 6 hours induces the 

expression of the most genes in the panel. MDM2, CDKN1A, PPM1D and PUMA are the 

genes that express the highest fold change expression (Figure 6.31 B).  

Next, treating the CLL cells with RG7388 concentrations (0.1, 0.3 and 1µM) in a combination 

to WIP1 inhibitor at (2.5µM) for 24 hours (Figure 6.31 C&D) was compared with 6 hours. 

The peak mRNA expression of MDM2, PUMA, BAX and FAS were obtained with RG7388 

(0.1µM) and WIP1 inhibitor (2.5µM) in the absence of IL-4. Moreover, treating the CLL cells 

with further high concentrations of RG7388 (0.3 and 1µM) with WIP1 inhibitor (2.5µM) 

show a reduction in the expression of all genes in the panel (Figure 6.31 C). In contrast, the 

presence of the IL-4 with a combination treatment of RG7388 and WIP1 inhibitor at (2.5µM) 

induces the fold change expression of most genes in the panel in particular, MDM2, CDKN1A, 

PPM1D, PUMA, FAS and NOXA (Figure 6.31 D). 
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Figure 6.31 Fold change in the mRNA expression of selected TP53 transcriptional target genes of primary 

CLL cells in response to RG7388 in combination with WIP1 inhibitor (2.5µM) in presence of IL-4 by 

qRT-PCR. (A&B) 6hrs (C&D) 24hrs. Primary CLL cells (n=4) treated with RG7388 (0.1, 0.3, 1μM) in 

combination with GSK2830371 (2.5µM) with and without IL-4. The experiment performed in (n=1) repeat on 

each independent CLL sample. Each colour represents certain gene and the error bars represent the mean ± SEM 

of CLL samples. β-ACTIN used as the endogenous control and DMSO-treated cells used as the calibrator 

between three replicated intra-experimental of each concentration. RQ values were calculated using the formula 

2ΔΔCt 
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6.3.8.1 IL-4 upregulates the mRNA expression of TP53 target genes following 

treatment with the WIP1 inhibitor in combination with RG7388 for (6hr) 

 

Four primary CLL samples were treated with a combination of WIP1 inhibitor (2.5µM) and 

range of RG7388 concentrations (0.1, 0.3 and 1µM) for 6 hours in the presence and absence 

of IL-4 (Figure 6.32). The mRNA transcriptional level for specific set of genes were 

determined by qRT-PCR.  

Treatment of the CLL cells with a combination of WIP1 inhibitor (2.5µM) and RG7388 

(0.1µM) for 6 hours induces the mRNA transcriptional level of MDM2 and CDKN1A (Figure 

6.32 A). Moreover, the presence of IL-4 further induces the mRNA expression of MDM2, 

CDKN1A and NOXA (Figure 6.32 B). 

(Figure 6.32 D shows the fold change in genes expression with the effect of WIP1 inhibitor 

(2.5µM) and RG7388 (0.3µM) in the presence of IL-4. MDM2, TP53INP1, CDKN1A and 

NOXA are the genes that highly expressed in the presence of IL-4. In contrast with the effect 

of WIP1 inhibitor (2.5µM) and RG7388 (0.3µM), only one CLL sample shows high mRNA 

expression of PPM1D gene. This might be an outlier (Figure 6.32 C).  

Looking at the effect of WIP1 inhibitor (2.5µM) with RG7388 (1µM) (Figure 6.32 E), there is 

a variation between the CLL samples in the expression of MDM2, CDKN1A and BAX. With 

each gene, different CLL samples show increases in the transcriptional level. In contrast, the 

presence of IL-4 induces the mRNA expression level of PPM1D, MDM2, CDKN1A, PUMA, 

BAX and NOXA (Figure 6.32 F). 
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Figure 6.32 Summary plot of mRNA transcriptional change in CLL samples treated with WIP1 inhibitor 

(2.5µM) in combination with RG7388 in the presence of IL-4 for 6 hrs.(A&B) RG7388 (0.1µM) WIP1i, 

(C&D) RG7388 (0.3µM) WIP1i, (E&F) RG7388 (1µM) WIP1i. Each point represents the mean value for an 

individual patient (n=4) and the error bars represent the average mean ± SEM for the patient samples. Each 

colour represents mRNA expression of certain gene in response to the treatment. In each independent 

experimennt, β-ACTIN used as the endogenous control and DMSO-treated cells used as the calibrator between 

three intra-replicate wells of the concentrations.  
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6.3.8.2 The expression of MDM2, CDKN1A and PUMA are increased with the 

combination effect of WIP1 inhibitor and RG7388 in the presence of IL-4 

 

Certain genes were selected, and their mRNA expression was compared following treatment 

with RG7388 concentrations (0.1, 0.3 and 1µM) and WIP1 inhibitor (2.5µM) in the presence 

of IL-4 for 6 hours (Figure 6.33). The expression of MDM2 does not show fold change 

difference with combination treatment of RG7388 (0.1 and 0.3µM) and WIP1 inhibitor 

(2.5µM) wither with or without IL-4. However, there is a significant difference in the 

expression of MDM2 with combination treatment of RG7388 (1µM) and WIP1 inhibitor 

(2.5µM) in the presence of IL-4 compared to the absence of IL-4 (p=0.0007). 

Looking to the fold change expression of PPM1D, apart from the one CLL sample with high 

expression, there is no significant difference in the expression of PPM1D gene level either in 

the presence or absence of IL-4 up to RG7388 (0.3µM) and WIP1 inhibitor (2.5µM). 

However, the presence of IL-4 with combination effect of RG7388 (1µM) and WIP1 inhibitor 

(2.5µM) does show a trend of increased expression of PPM1D (p=0.126). 

There is a concentration dependent increase in the mRNA fold change expression of CDKN1A 

whenever IL-4 is added to the combination treatment of RG7388 and WIP1 inhibitor 

(2.5µM). The presence of IL-4 significantly induces the mRNA expression of CDKN1A 

following treatment withRG7388 (0.1µM) and WIP1 inhibitor (2.5µM) by 2-fold (p=0.082), 

and with RG7388 (0.3µM) and WIP1 inhibitor (2.5µM) is 2-fold (p=0.002), RG7388 (1µM) 

and WIP1 inhibitor (2.5µM) is (8-fold) (p=0.00002). 

Following treatment with RG7388 (0.1-0.3µM) and WIP1 inhibitor (2.5µM), there is no 

significant difference in the mRNA expression of PUMA gene either in the presence or 

absence of IL-4. However, the combination effect of RG7388 (1µM) and WIP1 inhibitor 

(2.5µM) show significant increases in the expression of PUMA gene with the presence of IL-4 

relative to the absence (p=0.097). 

BAX and FAS genes show no significant difference in their expression against the combination 

effect of RG7388 and WIP1 inhibitor (2.5µM) in either the presence or absence of IL-4. 



 

263 
 

 
Figure 6.33 Summary plot comparing the mRNA fold change of selected TP53 target genes of CLL cells in 

response to WIP1 inhibitor in combination with RG7388 in the presence of IL-4 for 6 hrs qRT-PCR 

Different primary CLL samples (n=4) treated with GSK2830371 (2.5µM) in combination with RG7388 (0.1, 0.3, 

1µM) with and without IL-4. Selected genes, MDM2, PPM1D, CDKN1A, PUMA, BAX, FAS showed change in 

response to the treatment. qRT-PCR experiment performed in (n=1) repeat on each primary CLL sample. Each 

colour showed mRNA expression in response to different RG7388 concentration with WIP1i combination with 

and without IL-4. Each point represents the mean mRNA expression for an individual patient and the error bars 

in each condition represent the average mean ± SEM for patient samples (n=4). One tailed paired t-test p-values 

are shown for the significance of differences between the mean values for combination treatment with or without 

IL-4. Only statistical significance of differences is displayed above the horizontal bars for mean change in 

response to the treatment with and without IL-4, significance taken at p < 0.05. 
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6.3.8.3 The expression of pro-apoptotic TP53 target genes are upregulated with 

combination of WIP1 inhibitor and RG7388 in the presence of IL-4 

 

A cohort of four different primary CLL samples were treated with ranges of RG7388 

concentrations (0.1, 0.3 and 1µM) and WIP1 inhibitor (2.5µM) in combination for 24 hours in 

the presence and absence of IL-4 (Figure 6.34). The fold change in the mRNA expression for 

a set of genes were determined by qRT-PCR technique.  

The combination treatment of RG7388 (0.1µM) with WIP1 inhibitor (2.5µM) for 24 hours 

induced the fold change expression of MDM2, PUMA, BAX and FAS (Figure 6.34 A). The 

additional of IL-4 with a combination treatment of RG7388 (0.1µM) with WIP1 inhibitor 

(2.5µM) further induced the expression of MDM2, TP53INP1, CDKN1A, PUMA, BAX, FAS 

and NOXA (Figure 6.34 B). 

Treating the CLL samples with RG7388 (0.3µM) with WIP1 inhibitor (2.5µM) for 24 hours 

increased the mRNA expression of PUMA, BAX and FAS (Figure 6.34 C). However, in the 

presence of IL-4, PPM1D, CDKN1A, PUMA, BAX, FAS and NOXA are the genes that were 

highly expressed following the combination treatment (Figure 6.34 D). 

(Figure 6.34 E) shows the effect of RG7388 (1µM) and WIP1 inhibitor (2.5µM) on CLL cells 

for 24 hours, with PUMA, BAX and FAS showing an increase in their mRNA expression level. 

Addition of IL-4 induces the fold change in the expression of PPM1D, MDM2, CDKN1A, 

PUMA, FAS and NOXA genes (Figure 6.34 F). 
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Figure 6.34 The mRNA transcriptional fold change of CLL cells in response to WIP1 inhibitor (2.5µM) in 

combination with  RG7388 in the presence or absence of IL-4 for 24 hrs. Primary CLL cells treated with 

GSK2830371 (2.5µM) and RG7388 (A&B) 0.1µM, (C&D) 0.3µM, (E&F) 1µM. Each point represents the mean 

value for an individual patient (n=4) and the error bars represent the average mean ± SEM for the patient 

samples. Each colour represents mRNA expression of certain gene in response to the treatment. qRT-PCR 

experiment performed in (n=1) repeat on each primary CLL sample. In each independent experiment, β-ACTIN 

used as the endogenous control and DMSO-treated cells used as the calibrator between three intra-replicate wells 

of the concentrations. 
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6.3.8.4 The combination effect of WIP1 inhibitor and RG7388 on the expression of 

selected TP53 target genes with the presence of IL-4 at (24hr) 

 

The MDM2 gene is expressed with the combination effect of RG7388 (0.1 and 1µM) and 

WIP1 inhibitor (2.5µM) in the presence of IL-4 compared to the absence of IL-4 (Figure 

6.35). Furthermore, the presence of IL-4 does not have much increasing effect in the fold 

change expression of MDM2 gene with a combination treatment of RG7388 (0.3µM) and 

WIP1 inhibitor (2.5µM). 

Both PPM1D and CDKN1A genes show a trend of concentration dependent increase in their 

mRNA expression following treatment with the combination of WIP1 inhibitor (2.5µM) with 

RG7388 in the presence and absence of IL-4. 

There are no differences in the expression of PUMA, BAX and FAS genes in response to WIP1 

inhibitor (2.5µM) in a combination with RG7388 wither in the presence or absence of IL-4.  
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Figure 6.35 Summary plot comparing the mRNA transcription of selected TP53 target genes of CLL cells 

in response to WIP1 inhibitor in combination with RG7388 in the presence of IL-4 for 24hrs. Different 

primary CLL samples (n=4) treated with GSK2830371 (2.5µM) in combination with RG7388 (0.1, 0.3, 1µM) 

with and without IL-4. Selected genes, MDM2, PPM1D, CDKN1A, PUMA, BAX, FAS showed change in 

response to the treatment. qRT-PCR experiment performed in (n=1) repeat on each primary CLL sample. Each 

colour showed mRNA expression in response to different RG7388 concentration with WIP1i combination with 

and without IL-4. Each point represents the mean mRNA expression for an individual patient and the error bars 

in each condition represent the average mean ± SEM for patient samples (n=4). One tailed paired t-test p-values 

are shown for the significance of differences between the mean values for combination treatment with or without 

IL-4. Only statistical significance of differences is displayed above the horizontal bars for mean change in 

response to the treatment with and without IL-4, significance taken at p<0.05. 
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6.4 Discussion 

 

 In our study, we mimic the ex-vivo micro-environmental for CLL cells by stimulating the 

CLL cells through the IL-4 receptor signalling pathway. The study was conducted on 

cryopreserved and freshly isolated CLL cells. It was observed that the freshly isolated CLL 

samples have higher metabolic activity than the cryopreserved CLL cells (Figure 6.4), 

however; the responses to the treatment still can be evaluated and showing a concentration 

dependent inhibition effect (Figure 6.8 and Figure 6.13). The novel of our study is to evaluate 

the CLL viability in response to RG7388 and WIP1 inhibitor in the presence of IL-4 in ex-

vivo microenvironments. There is no study, which evaluates the effect of RG7388 with WIP1 

inhibitors in the presence of IL-4 on CLL cells. 

It has been discovered in mice model, IL-4 signals play a crucial role in B-cell proliferation, 

differentiation, and formation of the germinal centres (King & Mohrs, 2009; Vajdy et al., 

1995). On the other hand, in B-cells ex-vivo experiments, the binding of IL-4 molecules to the 

IL-4 receptor activates JAK1/3-mediated phosphorylation of STAT6 (pSTAT6) (Murata et al., 

1998) which is induces the expression of the anti-apoptotic genes.  

In the absence of IL-4, the WIP1 inhibitor as a single agent shows a little inhibition of the 

metabolic activity (viability) (Figure 6.5 B). By contrast, treatment with RG7388 shows a 

concentration dependent inhibition in the viability of CLL samples (Figure 6.9). Furthermore, 

the combination of WIP1 inhibitor (2.5µM) with RG7388 also shows a concentration 

dependent inhibition of the CLL cells metabolic activity (Figure 6.14).  

We can see CLL309 cells (Figure 6.11 A&B) showed a very low metabolic activity 

absorbance at 450nm but still showing a concentration dependent inhibition effect with both 

treatment RG7388 and in a combination with WIP1 inhibitor in the absence of IL-4. However, 

in the presence of IL-4 the metabolic activity of the CLL309 was increased (Figure 6.11). In 

fact, there is no significant differences in the responses to the compound whether on the CLL 

which were freshly isolated or cryopreserved (Figure 6.14). Further to that, the additional of 

IL-4 increases the metabolic activity of both freshly isolated and cryopreserved CLL cells 

(Figure 6.4). 

Interestingly, Byrd J, found in the presences of IL-4 treatment the naïve mutated CLL (M-

CLL) cells by ibrutinib express low responses and CLL cells produce less complete 

remissions than unmutated V-gene CLL (U-CLL). Frequently, poor prognosis of the CLL 

patients appeared with U-CLL cells, expressing high level of sIgM receptors which 
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subsequently produce more signals compared to M-CLL in response to anti-IgM stimulation 

(Byrd et al., 2015). 

Looking at the effect of the treatment in the presence of IL-4, CLL cells treated with WIP1 

inhibitor in the presence of IL-4 have significantly high absorbance activity compared to 

parallel CLL cells treated in the absence of IL-4 (p=0.021) (Figure 6.5 A). The basal 

absorbance value of untreated CLL cells (controlled) in the presence of IL-4 is significantly 

increased compared to absences of IL-4 (p=0.016) (Figure 6.5 A). However, WIP1 inhibitor 

as a single agent has no significant inhibitory effect on CLL cells viability in neither in the 

presence nor absence of IL-4 (Figure 6.5 B).  

On the RG7388 treatment, freshly isolated CLL cells become less sensitive to the RG7388 

treatment in the presence of IL-4 compared to cryopreserved ones (Figure 6.9). IL-4 has less 

protective activity on cryopreserved CLL cells treated with RG7388 compared to freshly 

isolated CLL cells (Figure 6.6 and Figure 6.7). There is a concentration dependent inhibition 

in the metabolic activity of CLL cells whether they are freshly isolated or cryopreserved. The 

absorbance and metabolic activity of the CLL are significantly increased in response to 

RG7388 treatment in the presence of IL-4 (Figure 6.9). The LC70 of RG7388 for CLL cells is 

significantly increased in the presence of IL-4 compared to the absence of IL-4 (p=0.042) 

(Figure 6.10). 

For the combination treatment of WIP1 inhibitor with RG7388, CLL cells become less 

sensitive to the combination treatment in the presence of IL-4 compared to the absence of IL-

4. There is a significantly different increase in the effect of the WIP1 inhibitor (2.5µM) and 

RG7388 in the presence of IL-4 compared to the absence of IL-4 (Figure 6.14). The CLL 

metabolic activity (absorbance) was increased with the presence of IL-4 whether with or 

without the combination treatment. The LC70 of the combination treatment of WIP1 inhibitor 

with RG7388 was significantly increased with IL-4 compared to the effect without IL-4 

(p=0.05) (Figure 6.15). 

Andrew Steele and his group suggested IL-4 signalling pathway augments BCR signalling 

and promote B-cell proliferation and survival, especially within the U-CLL subset. In his 

study, they found IL-4 decreases the inhibitory effects of idelalisib or ibrutinib on anti-IgM–

induced signalling and protects the CLL cells against BCR kinase inhibitor induced apoptosis 

(Aguilar-Hernandez et al., 2016). Chen, L. also, reported the CLL cells with more responsive 

signalling through sIgM engagement may be more sensitive to IL-4 thus, U-CLL showed the 

greater effect with IL-4 signals (L. Chen et al., 2002, 2005). 
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IL-4 acts as a micro-environmental signalling factor that can influence the BCR signals to 

promote sIgM-mediated signalling in CLL cells (Cui et al., 2014). IL-4 appears to promote 

the sIgM signalling through direct upregulation of IgM expression at the CLL cell surface. 

Gene set enrichment analysis (GSEA) clearly revealed that IL-4 mediated transcription in the 

LN of the CLL patients were comparable matched to the blood and BM samples. This 

indicated that IL-4 might act on the malignant cells in the LN tissue. 

In this study, we looked to the downstream expression of MDM2 target proteins, p53, p21WAF1 

and WIP1. Phosphorylation of p53 is indicates the stabilization activity of p53. cPARP protein 

expression was used to evaluate the endpoint for apoptosis.  

The IL-4 regulated the downstream cascade expression and function of CXCR4 in CLL cell 

by reflecting the effect of BCR stimulation on IL-4 receptor (Quiroga et al., 2009; Vlad et al., 

2009). Regarding to the time limitation, it is interesting to look to the phosphorylation of 

STAT6 protein and determine the association of the MDM2 inhibitor on both PI3Kδ and 

JAK1/2 pathways. In addition, looking to the change on CXCR4.  

Considering the protein expression, WIP1 inhibitor (2.5µM) as a single agent is capable of 

degrading the WIP1 protein in both with and without the presence of IL-4 (Figure 6.17). 

Furthermore, the WIP1 inhibitor (2.5µM) can potentiate the activity of RG7388 by increasing 

the stability of p53. Moreover, RG7388 alone stabilises the activity of p53 in a concentration 

dependent manner whether in the presence or absence of IL-4. Phosphorylated p53 activity is 

varies to detected in primary CLL cells. This might be because the CLL cells are not 

proliferative cells in-vivo condition without any micro-environmental stimulation factors. 

However, phosphorylation p53 was detected with wild type TP53(+/+) NALM-6 cell line 

(Figure 3.13). The p21WAF1 is varies across the CLL samples and it is hard to be detected 

(Figure 6.17). In addition, full-length PARP is reduced with the treatment and cPARP is 

induced in a concentration- dependent manner with the absence of IL-4 condition. In contrast, 

in the presence of IL-4, the full-length PARP expression is increased with the treatment and 

cPARP is not expressed at 6 hours. However, at 24 hours treatment with IL-4, cPARP is 

detected as an indication of apoptosis or dead CLL cells. The densitometry analysis showed 

RG7388 stabilises the activity of total p53 of CLL cells in the presence and absence of IL-4 

and the combination of WIP1 inhibitor induces the stabilization further more (Figure 6.17) In 

addition, cPARP was induced with combination treatment of RG7388 with WIP1 inhibitor in 

the presence of IL-4 at 24 hours (Figure 6.17 H). 
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Using a wide range of RG7388 and WIP1 inhibitor concentration to determine the synergy 

score, CLL cells become less responsive to the treatment in the presence of IL-4 compared to 

the absence (Figure 6.20 D). The peak ZIP synergy score of individual freshly isolated CLL 

cells in the presences of IL-4 is significantly lower than the peak of parallel CLL cells in the 

absence of IL-4 (p=0.13) (Figure 6.21). 

The changes in the transcriptional level due to the effect of WIP1 inhibitor (2.5µM) alone 

does not have fundamental differences in the mRNA expression levels across the gene set 

whether with or without IL-4 (Figure 6.24). On the other hand, Figure 6.28 illustrates the 6 

hours treatment with RG7388 significantly increases the mRNA expression of CDKN1A in 

the presences of IL-4. Moreover, MDM2 and FAS show a trend of increased gene expression 

with IL-4 activity. PPM1D and BAX genes show no significant differences in their mRNA 

expression following 6 hours treatment of RG7388 either with or without IL-4. PUMA shows 

non-significant changes of the mRNA expression in response to RG7388 (0.1 and 0.3µM) 

with and without IL-4 activity however, RG7388 (1µM) significantly increases the PUMA 

gene expression with IL-4. In comparison, following 24 hours treatment with RG7388 shows 

a trend of increasing mRNA expression of CDKN1A, PPM1D, MDM2 and FAS in the 

presence of IL-4 (Figure 6.30). 

In other several ex-vivo environments, IL-4 signals suppress the basal and chemotherapy-

induced apoptotic levels of the CLL cells (Ghia et al., 2005; Panayiotidis et al., 1993; Steele et 

al., 2010). by increasing the expression of anti-apoptotic proteins (Steele et al., 2010). 

However, in my study, I find the combination treatment of RG7388 with WIP1 inhibitor 

induces the expression of CDKN1A, which causes cell cycle arrest. Furthermore, the 

combination of RG7388 at (1µM) with WIP1 inhibitor (2.5µM) significantly induces the fold 

changes expression of PUMA, pro-apoptotic gene, which indicates the CLL cells drive to 

apoptosis. 

The combination of WIP1 inhibitor (2.5µM) with RG7388 results in a significant increase in 

the CDKN1A gene expression with the presence of IL-4 after 6 hours of treatment (Figure 

6.33). Furthermore, MDM2, PPM1D and PUMA genes did not show a significant change in 

the mRNA gene expression with a combination treatment of WIP1 inhibitor (2.5µM) and 

RG7388 (0.1 and 0.3µM) in the presence of IL-4 activity. However, IL-4 significantly 

increases the mRNA expression of MDM2 with a combination of WIP1 inhibitor (2.5µM) and 

RG7388 (1µM), although, the expression of PPM1D and PUMA genes are also increased. 

FAS and BAX did not show significant changes on their gene expression in response to WIP1 

inhibitor (2.5µM) and RG7388 in the presence of IL-4. 
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For CLL cells with WIP1 inhibitor (2.5µM) in a combination with RG7388 for 24 hours, 

PPM1D and CDKN1A genes show a concentration dependent increase in their mRNA 

expression in the presence of IL-4. PUMA also showed a slightly increase in a concentration 

dependent manner following incubation with IL-4 activity. MDM2 shows an increase in the 

expression with the combination treatment of WIP1 inhibitor (2.5µM) and RG7388 (0.1 and 

1µM) in the presence of IL-4. By contrast, gene expression of BAX is reduced in a 

concentration-dependent manner with the combination treatment in the presence of IL-4. By 

contrast, the FAS gene has no significant changes in the mRNA expression in the presence of 

IL-4 against the combination treatment (Figure 6.35). 

In terms of effects of IL-4 on CLL cells, Andrew Steele in his study found that sIgM increased 

by following of IL-4 treatment in-vitro (Aguilar-Hernandez et al., 2016). Because there was 

no detectable increase in total cellular IgM after IL-4 treatment, however the increase in 

surface expression may be due to “shunting” of IgM from the ER to the cell surface. Their 

data in CLL cells are similar to Guo. B and his group described in mouse splenocytes where 

IL-4 promoted sIgM expression, leading to (Guo et al., 2007; Guo & Rothstein, 2005, 

2013)07; Guo & Rothstein, 2005, 2013). Moreover, IL-4 also stimulates IgM expression 

following by increasing the antigen engagement and subsequent downstream signalling 

pathway (Quiroga et al., 2009; Vlad et al., 2009). 

In conclusion, the presence of IL-4 signal increases the metabolic activity of the primary CLL 

cells and reduces the sensitivity of the CLL cells in response to both WIP1 and MDM2 

inhibitors. WIP1 inhibitors had less potentiation effect on RG7388 activity in the presence of 

IL-4 signals relative to the potentiation activity in the absence of IL-4 signals. In addition, 

CLL cells was less sensitive to RG7388 alone in the presence of IL-4 compared to absence of 

IL-4 signals. The gene expression of CDKN1A and NOXA, pro-apoptotic, were induced with 

WIP1 inhibitor in a combination with RG7388 compared to RG7388 alone.  
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 The Effect of Anti-IgM Stimulation on CLL Cell 
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7.1 Introduction 

 

Despite the chromosomal changes, in-vivo engagement of CLL cells with the surrounding 

microenvironment is similar to the normal B-cells. The interaction between antigens and the 

sIg is one of the in-vivo microenvironmental factors that could have an impact on B-cell 

proliferation, activation and differentiation. In-vivo engagement between the antigen and the 

sIgM occurs in IGHV mutant (M-CLL) and un-mutated IGHV (U-CLL). In both M-CLL and 

U-CLL cells, antigen engagement with BCR occurs, presumably leading to cell proliferation, 

survival, influencing tumour growth and response to therapy. However, M-CLL express less 

sIgM signalling than U-CLL. Thus, M-CLL cases show low therapeutic responses and are 

described as “anergic.” U-CLL cells have the capability to maintain antigen-induced 

modulation of sIgM signals, which leads to an increase the proliferation and survival levels in 

aggressive disease. In contrast, M-CLL is associated with indolent disease. 

An in-vivo study was performed on CLL cases to confirm the fact that peripheral blood CLL 

cells can recover the expression of antigen binding to sIgM consistently with down-regulation 

of signalling. It is likely that antigen mediates the BCR signalling for constitutive activation 

of kinases and of nuclear factor-κB (NF-κB) in CLL cells. Interestingly, surface 

immunoglobulin-G (sIgG) is another type of surface antigen that behaves differently from 

sIgM with no evidence for down-modulation signalling cascade. 

 

7.2 Hypothesis 

 

The interaction of CLL cells with B cell receptor (BCR) signalling through antigen binding, 

such as anti-IgM antibody, is another stimulation signals that known to promote CLL cell 

survival, proliferation, and resistance to therapy.  

The magnetic beads coated with immobilized anti-IgM antibody used to mimic the ex-vivo 

microenvironment of migrated CLL cells in lymph node and provide a spontaneous suitable 

signalling to activate and proliferate CLL cells.  

In this chapter, our hypothesis proposes that by immobilizing beads coated with anti-IgM 

antibody, we would like to investigate the effect of the combination of WIP1 inhibitor with 

MDM2 inhibition on ex-vivo microenvironment that mimics the BCR signalling detected in 

lymphoid tissues migration. 
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7.3 Aims 

 

Stimulation of CLL cells using the immobilised beads coated with Anti-IgM antibody (to 

stimulate BCR) will alter to the cellular response to the MDM2 inhibitor as a single agent and 

in a combination with WIP1 inhibitor. 

1. To identify the effectiveness of RG7388 on stimulated CLL cells through immobilized 

beads coated with anti-IgM antibody. 

2. To assess the effectiveness GSK2830371 to potentiate the activity of RG7388 on 

stimulated CLL cells through immobilized beads coated with anti-IgM antibody. 

3. To investigate the downstream signalling pathway of activated CLL cells upon 

stimulation with immobilized beads coated with anti-IgM antibody. 

4. To compare the cellular responses of CLL cells stimulated with immobilized beads 

coated with anti-IgM antibody to those in control groups that either coated with anti-

IgG antibody or with non-stimulation. 

5. To examine the impact of immobilized bead-mediated stimulation on the gene 

expression profile of CLL cells in response to the GSK2830371 and RG7388 

inhibitors.  

 

7.4 Results  

 

 Increase in Phosphorylation activity of ERK protein after stimulation of the CLL cells 

with immobilised beads coated with Anti-IgM antibodies 

 

In Figure 7.1, we would like to optimize the appropriate concentration of the immobilized 

either IgM or IgG antibody that can stimulate the CLL cells. Two different concentrations 

(2µg/ml and 10µg/ml) of magnetic beads coated with immobilized either Anti-IgM or Anti-

IgG antibodies were used to stimulate the CLL307 at a concentration of 1x106 cells/ml for 1 

hour. Following the stimulation, the CLL cells were collected and the cell pellet was harvest 

for a western blotting analysis. The CLL cell lysates were probed with specific antibodies that 

can detect downstream target proteins. Phosphorylated S6K antibody was used to determine 

CLL cell growth activity and proliferation. In addition, phosphorylated ERK antibody was 

used to identify the MAPK kinase signals pathway which play a role in regulation of meiosis, 

mitosis, and post mitotic functions in differentiated cells. 
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The phosphorylation of ERK protein is expressed following stimulation with immobilised 

beads coated with Anti-IgM compared to control and Anti-IgG beads. Furthermore, a 

concentration of 2µg/ml of immobilised Anti-IgM induces the phosphorylation activity of 

ERK than 10µg of immobilised Anti-IgM. Phosphorylated ERK protein is one of the 

downstream targets of the LYN and SYK pathway, which facilitates cell survival and 

proliferation activity.  

Parallel to Phospho-ERK activity, the total ERK protein activity remains stable with 

immobilised Anti-IgG and Anti-IgM antibody stimulation at 2µg/ml. However, total ERK 

activity is reduced with 10µg/ml of magnetic beads stimulation on both Anti-IgG and Anti-

IgM antibodies relative to control.  

On the other hand, the phosphorylation activity of ribosomal S6 kinase (S6K) is increased 

with immobilised Anti-IgM antibody compared to the control non-stimulated cells and Anti-

IgG immobilised antibody stimulation. In addition, 10µg/ml of Anti-IgM immobilised 

antibody stimulation expresses more phosphorylation activity of S6K than 2µg/ml of Anti-

IgM stimulation.  

Total p70 S6K activity shows slightly higher levels of the protein expression at 2µg/ml 

stimulation with both Anti-IgG and Anti-IgM antibody relative to the non-stimulation CLL 

cells. However, with a concentration of 10µg/ml stimulation the total p70 S6K protein is 

lower compared to the non-stimulated CLL cells as well as 2µg/ml immobilised antibody 

stimulation of relative condition. The role of ribosomal protein S6K phosphorylation and the 

total p70 S6K is acting as a signalling pathway in the regulation of cell growth and 

proliferation. Looking to the Ponceau stain result, it shows that the samples were loaded 

equally in all wells (Figure 7.1 B).  
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Figure 7.1 Immobilised Anti-IgM stimulate phospho-ERK pathway in CLL cells. (A) CLL307 was 

stimulated with the immobilised beads coated with Anti-IgM and Anti-IgG (2µg/ml and 10µg/ml) to activate 

downstream signalling pathway of CLL proliferation and survival. (B) Ponceau stain showing the equal loading 

of protein across the wells.  

 

 Immobilised anti-IgG and IgM antibody stimulation induced the basal metabolic 

activity of the CLL cells 

  

The aim of this experiment is to identify the basal stimulation signals of immobilised both 

Anti-IgM and Anti-IgG antibody on the primary CLL cells. The majority of CLL samples 

become metabolically active with both immobilised Anti-IgG and Anti-IgM antibody 

stimulation compared to non-stimulation CLL cells. There is a significant increase in the 

metabolic activity of CLL cells stimulated with Anti-IgG and Anti-IgM antibody (p=0.0003). 
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There is a heterogeneity between CLL cases in the responses to the Anti-IgG and Anti-IgM 

stimulation. The response varies depending on the surface Ig receptors on the CLL cells and 

the signalling capacity. Beads immobilised with Anti-IgG antibody were used as a negative 

control for non-specific binding to BCR because they do not activate the downstream 

pathways for SYN and LYN cascade. In contrast, beads immobilised with Anti-IgM antibody 

were able to activate the downstream pathway for SYN and LYN and phosphorylation of 

ERK1/2, which is a signal of proliferation. 

 

  
Figure 7.2 Basal absorbance of CLL cells increased by immobilised Anti-IgG and Anti-IgM stimulation 

relative to the absence of stimulation. CLL samples (n=9) were stimulated with 2µg/ml of beads immobilised 

beads coated either with Anti-IgG or Anti-IgM antibody for 1 hour prior the treatment with DMSO (0.5%) for 48 

hours. The primary CLL cells viability was determined by XTT assay. Each independent experiment was 

performed once on the primary CLL cells and averaged within itself of intra-replicate concentrations. The mean 

show ± SEM. Statistical significance was determined by RM 1-way ANOVA test for multiple comparisons, 

significance taken at p < 0.005.  

 

 WIP1 inhibitor has small inhibition effect on the viability of the primary CLL cells 

stimulated with either immobilised Anti-IgM or Anti-IgG antibody  

 

Different primary CLL samples (n=9) were stimulated either with immobilised Anti-IgM or 

IgG antibody for 1 hour prior exposure to the treatment of WIP1 inhibitor at (2.5µM). The 

aim of this experiment was to determine whether WIP1 inhibitor as a single agent had an 

effect on the metabolic activity of the CLL cells (Figure 7.3). Due to the heterogeneity of 

between the CLL samples, some of the primary CLL samples showed more inhibition in the 

cell viability in response to WIP1 inhibitor compared to others. 
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Figure 7.5 showed the absorbance of the CLL samples in response to WIP1inhibitor relative 

to untreated control (DMSO) in the presence of immobilised Anti-IgM or IgG antibody 

signals. There was no significant difference between the absorbance of the CLL samples in 

response to WIP1 inhibitor relative to DMSO whether in the presence nor in the absence of 

antibody stimulation signals. Interestingly, the ex-vivo microenvironment of BCR stimulation 

via Anti-IgM and Anti-IgG antibody significantly induces the absorbance and the metabolic 

activity of CLL samples compared to non-stimulated (Figure 7.4).  
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Figure 7.3 The ex-vivo effect of WIP1 inhibitor on CLL cells in the presence of Anti-IgM antibody. Panel of 

primary CLL samples (n=9) stimulated by immobilised either Anti-IgG or Anti-IgM antibodies for 1hr prior 

treatment of GSK2830371 (2.5µM) for 48hrs. CLL cells seeded in ratio (1:2) cells to antibody. XTT assay 

determined cell metabolic activity %, which was normalized to DMSO treatment for individual experiment. 

Each experiment was performed once on the primary CLL cells with three intra-replicates for each concentration 

and error bar shows the mean ± SEM of intra-replicates. Each line shows an independent cell effect in response 

to the treatment in the presence of stimulation.  
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Figure 7.4 Summary absorbance of primary CLL cells treated with WIP1 inhibitor in the presence of 

immobilised Anti-IgM and Anti-IgG antibody stimulation. Raw data absorbance at 450nm of cohort set of 

CLL samples (n=9) exposed to GSK2830371 (2.5µM) with immobilised Anti-IgM and Anti-IgG antibody for 

1hr prior the treatment of 48hrs by XTT analysis. DMSO (D), show the basal absorbance of CLL cells in the 

presence or absence of stimulation only without the effect of WIP1i. Each colour represents the mean value for 

an individual CLL patient sample in response to the treatment and the error bars in each case represent the 

average mean ± SEM of all patient samples. Each experiment was performed once on individual CLL sample 

with three intra-replicates of concentration within the experiment. Statistical significance of differences (** p < 

0.005, ***, p < 0.0005) is determined by paired t-test one tail. 

 

 

  RG7388 had concentration dependent inhibition on CLL cells viability in the 

presence of immobilised Anti-IgG and Anti-IgM antibody 

 

Here we would like to determine the effect of Anti-IgM or Anti-IgG antibody stimulation on 

sensitivity of CLL cells to RG7388 treatment. The majority of the primary CLL samples, 

which were conducted in this experiment, were cryopreserved CLL samples stored in -80⁰C 

and one freshly isolated CLL317 sample.  
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7.4.4.1 Cohort of CLL samples sensitive to MDM2 inhibitor (RG7388) in the presence 

of immobilised Anti-IgG and Anti-IgM antibody 

 

The following Figure 7.5 showed the cohort of the primary CLL cells that reached the LC50 

inhibition of RG7388 with the stimulation of Anti-IgM antibody stimulation signals. The 

primary CLL samples were divided into two groups regarding to the LC50 inhibition in 

response to the RG7388 treatment with ex-vivo microenvironment of Anti-IgM antibody 

stimulation. 

CLL cells show a concentration dependent inhibition effect following RG7388 treatment 

(Figure 7.5). CLL cells with immobilised Anti-IgM antibody stimulation become less 

sensitive to RG7388 relative to the absence of Anti-IgM stimulation. The response to the 

stimulation is depends on the sIg receptors and signalling capacity. On the other hand, 

immobilised Anti-IgG antibody stimulation could increase the metabolic activity of CLL cells 

in certain samples, however the signals might just improve the metabolic activity of the CLL 

cell but not the downstream pathway signals of cell proliferation or survival (Liu et al., 2019). 
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Figure 7.5 The effect of RG7388 on CLL samples stimulated with Anti-IgM and Anti-IgG antibody. Panel 

of primary CLL samples (n=4) stimulated by immobilised either Anti-IgG or Anti-IgM antibodies for 1hr prior 

treatment with range of RG7388 concentrations for 48hrs. The effect of RG7388 was investigated on stimulated 

freshly isolated CLL317 and thawed CLL samples. CLL cells seeded in ratio (1:2) cells to antibody. XTT assay 

determined cell metabolic activity %, which was normalized to DMSO treatment for individual experiment. The 

CLL samples in this cohort reached to the RG7388 LC50 in response to Anti-IgM stimulation. Each experiment 

was performed once on the primary CLL cells with three intra-replicates for each concentration and error bar 

shows the mean ± SEM of intra-replicates. Each line shows an independent cell effect in response to the 

treatment in the presence of stimulation. 
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7.4.4.2 Cohort of CLL samples showing resistance to MDM2 inhibitor (RG7388) with 

immobilised Anti-IgG and Anti-IgM antibody 

 

The following (Figure 7.6) representing the cohort of primary CLL samples that could not 

reach the LC50 of RG7388 with ex-vivo microenvironment of anti-IgM antibody signalling. 

The LC50 values of RG7388 treatment were illustrated below in a (Table 7.1). Different 

cryopreserved CLL samples (n=5) were stimulated with immobilised Anti-IgG and Anti-IgM 

antibody prior to treatment with RG7388. These CLL cell samples show resistance to RG7388 

up to (3µM), with an increased mitochondrial metabolic activity level compared to the 

samples examined in (Figure 7.5). Despite immobilised Anti-IgM antibody stimulation, none 

of this cohort of CLL samples reached the LC50 concentrations lower to (3µM) of RG7388, 

except CLL308, which achieved an RG7388 LC50 concentration with immobilised Anti-IgG 

stimulation and with un-stimulation CLL cells. Interestingly, RG7388 shows a concentration-

dependent effect of RG7388 treatment with low cell metabolic inhibition level. CLL cells in 

this cohort are still expressing a reduction in their metabolic activity even in low inhibitory 

manner behaving with increasing in RG7388 concentrations.  
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Figure 7.6 CLL samples less sensitive to RG7388 treatment in the presence of Anti-IgM and Anti-IgG 

antibody. Panel of cryopreserved CLL samples (n=5) stimulated by immobilised either Anti-IgG or Anti-IgM 

antibodies for 1hr prior treatment with range of RG7388 concentrations up to 3µM for 48hrs. CLL cells seeded 

in ratio (1:2) cells to antibody. XTT assay determined cell metabolic activity %, which was normalized to 

DMSO treatment for individual experiment. The CLL samples in this cohort could not achieve the RG7388 LC50 

in response to Anti-IgM stimulation. Each experiment was performed once on the CLL cells with three intra-

replicates for each concentration and error bar shows the mean ± SEM of intra-replicates. Each line shows an 

independent cell effect in response to the treatment in the presence of stimulation.  
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 Combination of WIP1 inhibitor with RG7388 adverse the antagonistic effect of 

immobilised anti-IgG and anti-IgM antibody in CLL cells 

 

In this section WIP1 inhibitor was investigated to potentiate the activity of RG7388 on CLL 

in the presence of the ex-vivo microenvironment of BCR stimulation through Anti-IgM 

antibody signalling. 

 

7.4.5.1 CLL samples showing a potentiation activity of WIP1 inhibitor with RG7388 in 

the presence of immobilised anti-IgG and anti-IgM antibody 

 

The following (Figure 7.7) represented the combination effect of GSK2830371 with RG7388 

on the primary CLL samples that reached the LC50 inhibition of RG7388 in its own in the 

presences of BCR signalling. The solid line represented the combination effect of 

GSK2830371 with RG7388 and the dash line represented the single effect of RG7388. It is 

obviously seen that GSK2830371 potentiated the effect of RG7388 to stabilise the wild type 

TP53 CLL cells. 

Three cryopreserved CLL samples and one freshly isolated CLL sample were stimulated with 

immobilised Anti-IgG and Anti-IgM prior to treatment with RG7388 on a combination with 

WIP1 inhibitor (Figure 7.8). The LC50 concentration of RG7388 with WIP1 inhibitor (2.5µM) 

combination treatment increased in some CLL cells in the presence of Anti-IgG and Anti-IgM 

stimulations compared to non-stimulated CLL cells. Generally, there is a concentration-

dependent inhibition effect of the combination treatment with the presence and absence of the 

stimulations. However, there is no significant change in the effect of RG7388 in the presence 

or absences of WIP1 inhibitor (2.5µM) under any different conditions.  
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Figure 7.7 WIP1 inhibitor potentiated the inhibitory effect of MDM2 antagonist in CLL samples 

stimulated with Anti-IgM and Anti-IgG antibody in dependent manner. Panel of primary CLL samples 

(n=4) stimulated by immobilised either Anti-IgG or Anti-IgM antibodies for 1hr prior treatment of GSK2830371 

(2.5µM) in combination with range of RG7388 concentrations up to (3µM) for 48hrs. The combination treatment 

effect of RG7388 and WIP1i was investigated on freshly isolated CLL317 and thawed CLL samples upon 

stimulation. CLL cells seeded in ratio (1:2) cells to antibody. XTT assay determined cell metabolic activity %, 

which was normalized to DMSO treatment for individual experiment. Each experiment was performed once on 

the primary CLL cells with three intra-replicates for each concentration and error bar shows the mean ± SEM of 

intra-replicates. Each line shows an independent cell effect in response to the treatment in the presence of 

stimulation. Dash line shows the effect of RG7388 alone and solid line show the combination effect with WIP1i. 

In this cohort CLL samples, the combination of WIP1i potentiates the effect of RG7388 to achieve the LC50 

concentration in response to Anti-IgM stimulation. 

 

 

7.4.5.2 CLL samples become less sensitive to RG7388 in combination of WIP1 inhibitor 

in the presence of immobilised Anti-IgG and Anti-IgM antibody  

 

The following (Figure 7.8) showing the effect of WIP1 inhibitor in a combination with 

RG7388 on primary CLL sample cohort that could not reach the LC50 of RG7388 with ex-vivo 

microenvironment of anti-IgM antibody signalling. The purpose of this experiment was to 

determine whether the combination of GSK2830371 potentiated the activity of RG7388 and 

increases the inhibition of CLL cells. 

As previously mentioned, the behaviour response of CLL cells to the treatment varies from 

sample to sample regarding to the number of sIg receptors and signalling capacity. In this 

cohort of CLL cells, the combination of WIP1 inhibitor (2.5µM) showed no or little 

potentiation on RG7388 activity (Figure 7.8). However, CLL cells become less sensitive to 

the combination treatment in the presence of Anti-IgM stimulation compared to non-
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stimulation. Combination of RG7388 with WIP1 inhibitor (2.5µM) expressed a concentration-

dependent manner effect on cell metabolic mitochondrial activity. In this cohort, CLL cells 

did not reach to the LC50 concentration even with a combination treatment up to 3µM of 

RG7338. 

 

 
Figure 7.8 The combination effect of WIP1 inhibitor and MDM2 antagonist in CLL samples stimulated 

with Anti-IgM and Anti-IgG antibody. Panel of cryopreserve CLL samples (n=5) stimulated by immobilised 

either Anti-IgG or Anti-IgM antibodies for 1hr prior the combination treatment of GSK2830371 (2.5µM) with 

range of RG7388 concentrations up to (3µM) for 48hrs. CLL cells seeded in ratio (1:2) cells to antibody. XTT 

assay determined cell metabolic activity %, which was normalized to DMSO treatment for individual 

experiment. Each experiment was performed once on the primary CLL cells with three intra-replicates for each 

concentration and error bar shows the mean ± SEM of intra-replicates. Each line shows an independent cell 

effect in response to the treatment in the presence of stimulation. Dash line shows the effect of RG7388 alone 

and solid line show the combination effect with WIP1i. In this cohort CLL samples, the combination of WIP1i 

with RG7388 could not achieve the LC50 value in response to Anti-IgM stimulation. 

0 .0 1 0 .1 1

0

2 5

5 0

7 5

1 0 0

1 2 5

1 5 0
C L L 2 9 2

R G 7 3 8 8  ( M )

M
e

ta
b

o
li

c
 a

c
ti

v
it

y
 %

0 .03 0 .3 30 D M S O 0 .0 1 0 .1 1

0

2 5

5 0

7 5

1 0 0

1 2 5

1 5 0
C L L 2 9 8

R G 7 3 8 8  ( M )

M
e

ta
b

o
li

c
 a

c
ti

v
it

y
 %

0 .03 0 .3 30 D M S O

0 .0 1 0 .1 1

0

2 5

5 0

7 5

1 0 0

1 2 5

1 5 0 C L L 3 0 6

R G 7 3 8 8  ( M )

M
e

ta
b

o
li

c
 a

c
ti

v
it

y
 %

0 .03 0 .3 30 D M S O 0 .0 1 0 .1 1

0

2 5

5 0

7 5

1 0 0

1 2 5

1 5 0 C L L 3 0 8

R G 7 3 8 8  ( M )

M
e

ta
b

o
li

c
 a

c
ti

v
it

y
 %

0 .03 0 .3 30 D M S O

0 .0 1 0 .1 1

0

2 5

5 0

7 5

1 0 0

1 2 5

1 5 0 C L L 3 1 5

R G 7 3 8 8  ( M )

M
e

ta
b

o
li

c
 a

c
ti

v
it

y
 %

0 .03 0 .3 30

A n ti- Ig M

A n ti- Ig G

C o n tro l

D M S O

A n ti- Ig M  (R G 7 3 8 8 + W IP 1 i)

A n ti- Ig G  (R G 7 3 8 8 + W IP 1 i)

C o n tro l (R G 7 3 8 8 + W IP 1 i)



 

289 
 

7.4.5.3 WIP1 inhibitor had no or little potentiation on RG7388 in the presence of 

immobilised Anti-IgM antibody stimulation.  

 

The following figures summarizes the effect of RG7388 as a single agent and in combination 

with GSK2830371 on CLL cells stimulated through Anti-IgM and Anti-IgG antibody. The aim 

of this section is to illustrate the statistical differences between the combination and a single 

treatment across different ex-vivo microenvironment stimulation signals. In addition, to 

determine whether GSK2830371 significantly potentiated the effect of RG7388 in the 

presence of Anti-IgM antibody stimulation.  

Anti-IgM antibody stimulation had a protective effect on CLL cells against the response of 

RG7388 and in combination with WIP1 inhibitor treatment in comparison to the absence of 

the stimulation. CLL cells become significantly less sensitive to the RG7388 treatment alone 

in the presence of Anti-IgM antibody stimulation. However, the combination of WIP1 

inhibitor had little or no significant potentiation effect on the activity of RG7388in any 

condition. Thus, Anti-IgM antibody stimulation protects the CLL cells from apoptotic 

mechanism in response to RG7388 and in combination with WIP1 inhibitor treatment. 

Anti-IgM stimulation significantly protects the CLL cells in response to RG7388 (1µM) alone 

(p=0.006) and in combination of WIP1 inhibitor (p=0.017) compared to non- stimulation 

(Figure 7.9 A). 

(Figure 7.9 B) showed CLL cells become significantly less sensitive to RG7388 (3µM) as a 

single treatment in the presence of Anti-IgM stimulation (p=0.03). In addition, in combination 

of WIP1inhibitor with RG7388 (3µM) CLL cell become less sensitive to treatment in the 

presences of Anti-IgM antibody stimulation relative to the non-stimulated cells (p=0.25). 

Furthermore, WIP1 inhibitor significantly potentiates the activity of RG7388 in the presences 

of Anti-IgM stimulation (p=0.01). 
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Figure 7.9 Summary plot comparing the ex-vivo combination effect of WIP1 inhibitor with RG7388 on 

primary CLL cells in the presence of immobilised Anti-IgG and Anti-IgM antibody stimulation. (A) 

RG7388 (1µM) (B) RG7388 (3µM). A cohort of CLL samples (n=10) stimulated with immobilised Anti-IgG 

and Anti-IgM antibody for 1hr followed by treatment of RG7388 (1, 3µM) in combination with GSK2830371 

(2.5µM) for 48hrs. CLL cell viability was determined by XTT assay. Each CLL sample was normalized with 

DMSO treatment of corresponding sample. Each colour represents individual CLL sample in response to the 

treatment with Anti-IgG and Anti-IgM stimulation. The median line in each condition represents average mean ± 

SEM of all patient samples. Each experiment was performed once on individual CLL sample with three intra-

replicates of each concentration within the experiment. Statistical significance of differences (** p < 0.005, ***, 

p < 0.0005) is determined by paired t-test one tail. 
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7.4.5.4 LC50 values for RG7388 alone and in combination with WIP1 inhibitor on CLL 

samples stimulated with immobilised beads coated with anti-IgG and anti-IgM 

antibody 

 

The following Figure 7.10 showed the LC50 values of the RG7388 as a single agent and in a 

combination with GSK2830371 on the cohort of the primary CLL samples (n=9) stimulated 

by immobilised Anti-IgM and Anti-IgG antibody signals. Since some of the CLL cells could 

not reach the LC50 values, the CLL cohort was divided into two groups regarding to the LC50 

achievement with RG7388 (3µM) as the highest concentration were used in the study.  

Figure 7.10, nine cryopreserved and one freshly isolated CLL cell from nine different patients 

were stimulated with Anti-IgG or Anti-IgM antibody prior treatment with RG7388 and WIP1 

inhibitor. In terms of the LC50 values, most of the CLL samples become less sensitive to 

RG7388 when they are stimulated with immobilised Anti-IgM or Anti-IgG antibody. It is 

clear that immobilised Anti-IgG and Anti-IgM antibody stimulation reduces the CLL cell 

sensitivity to MDM2 and WIP1 inhibitors. Five out of ten CLL samples did not reach to the 

LC50 values of RG7388 alone and in combination with WIP1 inhibitor when they were 

stimulated with immobilised Anti-IgM antibody. CLL cells become less sensitive to RG7388 

in the presence to Anti-IgG stimulation and even less sensitive with Anti-IgM antibody 

stimulation (p=0.006). However, following the combination treatment of RG7388 with WIP1 

inhibitor at (2.5µM), the majority of CLL samples become less sensitive to the treatment in 

the presence of the immobilised Anti-IgG or Anti-IgM antibody stimulation in comparison to 

the absence of the stimulation (Figure 7.10 B). There is difference in CLL cell response to 

RG7388 in combination with the WIP1 inhibitor at (2.5µM). The LC50 values of combination 

treatment of RG7388 with WIP inhibitor 2.5µM are increased in the presence of immobilised 

Anti-IgM (p=0.05) or Anti-IgG antibody compared with the non-stimulated condition. There 

is a protective effect of RG7388 on the CLL cells in the presence of either immobilised Anti-

IgM or Anti-IgG antibody stimulation compared to the absence of the Anti-Ig stimulation.  
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Figure 7.10 Summary plot comparing the LC50 values of WIP1 inhibitor in combination with RG7388 for 

primary CLL cells stimulated by immobilised Anti-IgG and IgM antibody. (A) A cohort set of stimulated 

CLL samples (n=9) including the ones that could not achieve the LC50 values with combination treatment up to 

(3µM) of RG7388. (B) CLL samples (n=4) achieved the LC50 values with combination treatment in the presence 

of stimulation. Each colour represents the effect of individual primary CLL sample (n=9) in response to the 

GSK2830371 (2.5µM) and RG7388 treatment in the presence of Anti-IgG and IgM for 48hrs by XTT assay. The 

median represents average mean ± SEM of all CLL samples. Statistical significance was determined by paired t-

test one tail (p < 0.05). 
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Table 7.1 The LC50 of RG7388 in combination with WIP1 inhibitor in the presence of immobilised Anti-

IgG and IgM antibody stimulation. Cryopreserve CLL samples (n=9) and CLL317(F) freshly isolated sample 

treated with GSK2830371 (2.5uM) in combination with range of RG7388 concentrations in the presence of 

immobilised Anti-IgM and Anti-IgG antibody stimulation. 
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 WIP1 inhibitor induces PUMA mRNA expression in CLL cells with or without the 

presence of Anti-IgG or Anti-IgM stimulation 

 

In this section, I would like to investigate the transcriptional changes in the negative regulator 

of TP53 target genes in CLL cells stimulated through BCR. A cohort of different 

cryopreserved primary CLL samples were stimulated with immobilised Anti-IgG and Anti-

IgM antibody prior treatment either with WIP1 inhibitor or RG7388 as a single agent and in 

combination for 6 hours.  

The expression of different genes measured the intrinsic apoptosis (BAX, PUMA, TP53INP1), 

extrinsic apoptosis (FAS, NOXA), cell cycle arrest (CDKN1A), and p53 negative 

autoregulation (MDM2, WIP1) to determine effect of WIP1 inhibitor and RG7388 relative to 

DMSO. In RQ calculation, the basal level of all conditions is equal 1 which means no change 

in the gene expression relative to DMSO untreated and normalized to β-actin. The cut off 

expression is considered to be 2-fold change. 

Looking to non-stimulated (control) CLL cell treated with WIP1 inhibitor, PUMA showed the 

highest gene expression level over the panel of genes (Figure 7.11 A). In contrast, with Anti-

IgG stimulation, PUMA, and FAS were showed the highest fold change expression (Figure 

7.11 B). However, the increase in the PPM1D, MDM2, TP53INP1 and BAX were occurred 

because of one CLL sample, CLL309 which were expressed on (Figure 7.12 B). It is clearly 

seen through the expression of each individual CLL sample through the set of genes, that 

CLL309 in particular expressed high fold changes over the other CLL samples either with 

non-stimulated and Anti-IgG antibody stimulation (Figure 7.12 A and B). 

Looking to the Anti-IgM stimulation, PUMA was expressed more with WIP1 inhibitor relative 

DMSO un-treated condition relative to the other genes in the panel (Figure 7.11 C). 

Interestingly, Anti-IgM antibody stimulation decreases the expression of PPM1D, MDM2, 

TP53INP1 and FAS for CLL in response to WIP1 inhibitor in particularly for CLL309. In 

addition, Anti-IgM antibody stimulation reduces the expression of MCL1 and BCL2 in 

CLL309 (Figure 7.12 C). 
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Figure 7.11 mRNA expression of selected p53 transcriptional target genes of primary CLL sample 

exposed to WIP1 inhibitor in the presence of immobolised coated antidbodies. (A) non-stimulated (control), 

(B) Anti-IgG, (C) Anti-IgM. Different primary CLL samples (n=4) stimulated with antidbodies for 1hr prior 

treatment of GSK2830371 (2.5μM) for 6hrs. qRT-PCR performed in (n=1) repeat on each primary CLL sample 

extraction. The gene expression was normalized to β-ACTIN and DMSO treatment of three intra-replicate wells. 

Error bars represent the mean ± SEM of different CLL samples. RQ values were calculated using the formula 

2ΔΔCt. 



 

296 
 

 
Figure 7.12 Summary of fold change in p53 target gene expression of CLL cells treated with WIP1 

inhibitor in the presence of immobolised coated antidbodies. (A) non-stimulated (control), (B) Anti-IgG, (C) 

Anti-IgM. Different primary CLL samples (n=4) stimulated with antidbodies for 1hr prior treatment of 

GSK2830371 (2.5μM) for 6hrs. qRT-PCR measures genes expression from (n=1) cell extract of each CLL 

sample. Each point represents the mean value for an individual patient and the error bars represent the average 

mean ± SEM for the total patient samples. Each colour represents mRNA expression of certain gene in response 

to the treatment. The gene expression was normalized to β-ACTIN, endogenous control and DMSO-treated cells, 

the calibrator between three intra-replicate wells of each concentration. 
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 RG7388 induces upregulation of pro-apoptotic p53 target genes of CLL cells 

stimulated with immobilised Anti-IgM antibody 

 

Figure 7.13 showed the change in selected genes expression of CLL cells in response to 

RG7388 in the presence of either Anti-IgG or Anti-IgM antibody stimulation. It is obviously 

seen that few genes were increased in response to RG7388 with non-stimulated CLL cells and 

Anti-IgG stimulation, MDM2 and PUMA (Figure 7.14 A&B). In contrast, the expression of 

MDM2, PUMA and FAS were increased in response to RG7388 in the presence of Anti-IgM 

stimulation. Obviously, the extrinsic pro-apoptotic gene, FAS was highly expressed with Anti-

IgM antibody stimulation in response to RG7388 in a concentration dependent manner. 

However, the pro-apoptotic gene, PUMA was highly expressed with non-stimulation control 

and Anti-IgG antibody stimulation CLL cells in response to RG7388. 

Furthermore, the expression of TP53, CDKN1A and NOXA genes did not express significant 

fold changes following RG7388 in the presence and the absence of immobilised Anti-Ig 

antibody stimulation. The anti-apoptotic genes, MCL1 and BCL2 show similar pattern 

following RG7388 with both conditions (Figure 7.14).  

In conclusion, following treatment with RG7388, MDM2, PUMA and BAX were expressed in 

the absence of Anti-Ig stimulation. However, with Anti-IgG stimulation, MDM2, PUMA, BAX 

and FAS gene expression was induced in response to RG7388. Certainly, with Anti-IgG 

stimulation MDM2, PUMA and BAX were highly expressed relative to non-stimulated 

condition in response to RG7388. 

Following the Anti-IgM stimulation, RG7388 increases the fold change expression of MDM2, 

TP53INP1, PUMA, BAX and FAS relative to DMSO. Indeed, MDM2 and FAS showed the 

highest fold change expression compared to their expression in the absence of the Anti-IgM 

stimulation. 
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Figure 7.13 mRNA expression of selected p53 transcriptional target genes of primary CLL sample exposed 

to RG7388 in the presence of immobolised coated antidbodies. (A) non-stimulated (control), (B) Anti-IgG, 

(C) Anti-IgM. Different primary CLL samples (n=6) stimulated with antidbodies for 1hr prior treatment of 

RG7388 (0.3, 3μM) for 6hrs. qRT-PCR performed in (n=1) repeat on each primary CLL sample extraction. The 

gene expression was normalized relative to β-ACTIN, endogenous control and DMSO treatment of three intra-

replicate wells. Error bars represent the mean ± SEM of different CLL samples. RQ values were calculated using 

the formula 2ΔΔCt. 
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Figure 7.14 Summary of fold change in p53 target genes expression of CLL cells treated with RG7388 in 

the presence of immobolised coated antidbodies. (A-D) non-stimulated CLL cells, (B-E) Anti-IgG stimulation 

and (C-D) Anti-IgM. The left graphs show the RG7388 (0.3µM) and the right graphs show the RG7388 (3µM). 

Different primary CLL samples (n=6) stimulated with antidbodies for 1hr prior treatment of RG7388 (0.3, 3μM) 

for 6hrs. qRT-PCR measures genes expression from (n=1) cell extracts of each CLL sample. Each point 

represents the mean value for an individual patient and the error bars represent the average mean ± SEM for the 

total patient samples. Each colour represents mRNA expression of certain gene in response to the treatment. The 

gene expression was normalized to β-ACTIN, endogenous control and DMSO-treated cells, the calibrator 

between three intra-replicate wells of each concentration. 
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 Combination of WIP1 inhibitor with RG7388 induces the mRNA upregulation of pro-

apoptotic p53 target genes in CLL cells in the presence of Immobilised Anti-IgM 

antibody  

 

In this experiment, four CLL samples were treated with a WIP1 inhibitor in combination with 

RG7388 in the presence of Anti-IgG and Anti-IgM stimulations. The aim of this section is to 

investigate the transcriptional change of negative regulator TP53 target genes in CLL cells 

stimulated through BCR in response to the combination treatment. Thus, the expression of the 

same set of genes was evaluated to determine any potentiation effects WIP1 inhibitor and 

RG7388 on the primary CLL cells. The experiment was conducted on the four different 

cryopreserved primary CLL cell samples which were exposed to the single agent. The dashed 

line represents the effect of RG7388 alone while the sold line represents the effect of a 

combination treatment.  

In non-stimulated CLL cells, the expression of MDM2, TP53INP1, PUMA, BAX and FAS 

showed fold change expression in response to RG7388 (0.3µM) and in a combination with 

WIP1 inhibitor (Figure 7.16). Furthermore, with RG7388 (3µM), MDM2, PUMA, BAX and 

FAS expression increased with single agent and in combination of WIP1 inhibitor (Figure 

7.17). However, the fold change expression of the selected genes in response to RG7388 

(3µM) is decreased compared to (0.3µM) (Figure 7.15 A).  

In terms of the Anti-IgG stimulation, MDM2, PUMA, BAX and FAS genes showed the highest 

mRNA expression across in the gene panel in response to RG7388 and in combination with 

WIP1 inhibitor (Figure 7.16 and Figure 7.17 C&D).  

With Anti-IgM stimulation, MDM2, PUMA and FAS genes showed the highest fold change 

expression across in the gene panel in response to RG7388 and in combination with WIP1 

inhibitor (Figure 7.16 and Figure 7.17 E&F). Moreover, FAS was the highest gene expressed 

with the treatment in the presence of Anti-IgM.  
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Figure 7.15 mRNA expression of selected p53 transcriptional target genes of primary CLL sample exposed 

to RG7388 in the presence of immobolised coated antidbodies. (A) non-stimulated (control), (B) Anti-IgG, 

(C) Anti-IgM. Different primary CLL samples (n=4) stimulated with antidbodies for 1hr followed by treatment 

of GSK2830371 (2.5µM) in combination with RG7388 (0.3, 3μM) for additional 6hrs. The effect of RG7388 

alone represents in dash line, and the combination with WIP1i (2.5µM) is solid line. The gene expression was 

normalized relative to β-ACTIN, endogenous control and DMSO treatment of three intra-replicate wells of each 

concentration for individual sample. qRT-PCR performed in (n=1) repeat on each primary CLL sample 

extraction. Error bars represent the average mean ± SEM of different CLL samples. RQ values were calculated 

using the formula 2ΔΔCt.  
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Figure 7.16 Summary plot of mRNA transcriptional change in CLL cells treated with WIP1 inhibitor in 

combination with RG7388 (0.3µM) in the presence of immobilised coated antibodies for 6hrs. (A-B) non-

stimulated CLL cell (C-D) Anti-IgG and (E-F) Anti-IgM. The left graphs show the RG7388 (0.3µM) and the 

right graphs show the combination of GSK2830371 (2.5µM) with RG7388 (0.3µM). Different primary CLL 

samples stimulated with antibodies for 1hr prior treatment of either RG7388 alone (n=6) or in combination with 

WIP1i (n=4). Each point represents the mean value for an individual patient and the error bars represent the 

average mean ± SEM for the total patient samples. Each colour represents mRNA expression of certain gene in 

response to the treatment normalized to β-ACTIN, endogenous control and DMSO-treated cells, the calibrator 

between three intra-replicate wells of each concentration. qRT-PCR measures genes expression from (n=1) cell 

extracts of each CLL sample. 
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Figure 7.17 Summary plot of mRNA transcriptional change in CLL cells treated with WIP1 inhibitor in 

combination with RG7388 (3µM) in the presence of immobilised coated antibodies for 6hrs. (A-B) non-

stimulated CLL cell (C-D) Anti-IgG and (E-F) Anti-IgM. The left graphs show the RG7388 (3µM) and the right 

graphs show the combination of GSK2830371 (2.5µM) with RG7388 (3µM). Different primary CLL samples 

stimulated with antibodies for 1hr prior treatment of either RG7388 alone (n=6) or in combination with WIP1i 

(n=4). Each point represents the mean value for an individual patient and the error bars represent the average 

mean ± SEM for the total patient samples. Each colour represents mRNA expression of certain gene in response 

to the treatment normalized to β-ACTIN, endogenous control and DMSO-treated cells, the calibrator between 

three intra-replicate wells of each concentration. qRT-PCR measures genes expression from (n=1) cell extracts 

of each CLL sample. 
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 Combination of WIP1 inhibitor with RG7388 induce the mRNA expression of FAS 

gene in the presences of immobilised Anti-IgM antibody stimulation 

 

In this section, we summarize the changes in transcription level of gene panel in response to 

MDM2 and WIP1 inhibitor in the presence of Anti-IgG and Anti-IgM stimulations.  

With Anti-IgM stimulation, the expression of TP53 negative regulator (MDM2, TP53INP1, 

CDKN1A) and pro-apoptotic genes (PUMA BAX, FAS) were increased following the 

combination treatment of WIP1 inhibitor with RG7388 (0.3µM) compared to RG7388 

(0.3µM) alone. In contrast, with non-stimulated CLL cells, the expression of TP53 negative 

regulator (MDM2) and pro-apoptotic genes (PUMA BAX, FAS) were increased following the 

combination treatment of WIP1 inhibitor with RG7388 (0.3µM) compared to RG7388 

(0.3µM) alone (Figure 7.18). 

Moreover, FAS expression was increased with the effect of RG7388 (0.3µM) in combination 

with WIP1 inhibitor in the presence of Anti-IgM stimulation compared to non-stimulated CLL 

cells (p=0.19). In comparison, single treatment of RG7388 increases the FAS expression with 

Anti-IgM stimulation compared to non-stimulation CLL cells (P=0.006) (Figure 7.18 E) and 

(p=0.18) (Figure 7.19 E). 

PUMA and BAX expressions were reduced with Anti-IgM stimulation relative to non-

stimulated conditions following RG7388 treatment. Furthermore, the combination of WIP1 

inhibitor increase the expression of PUMA and BAX compared to RG7388. In contrast, with 

Anti-IgG stimulation, PUMA expression showed no much changes either with RG7388 

(0.3µM) or in combination of WIP1 inhibitor (Figure 7.18 C&D). However, with RG7388 

(3µM), PUMA was expressed more in a combination of WIP1 inhibitor relative to RG7388 

alone (Figure 7.19 C&D).  

The expression of TP53INP was reduced with Anti-IgM stimulation relative to non-stimulated 

conditions following RG7388 (0.3µM) treatment even though, RG7388 (3µM) did not show a 

large change. However, the combination of WIP1 inhibitor increase the expression of 

TP53INP compared to RG7388 alone (Figure 7.18 & Figure 7.19 B). 
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Figure 7.18 Summary comparing the fold change of p53 target genes expression of CLL cells treated with 

WIP1 inhibitor in combination with RG7388 (0.3µM) in the presence of immobolised coated antidbodies 

by qRT-PCR. (A) MDM2 (B) TP53INP1 (C) PUMA (D) BAX (E) FAS (F) CDKN1A. Primary CLL samples 

stimulated with antibodies either Anti-IgG or Anti-IgM for 1hr prior treatment of either RG7388 alone (n=6) or 

in combination with GSK2830371 (2.5µM) (n=4) for 6 hrs. Each colour showed mRNA expression of certain 

gene in response to different treatment condition. The experiment performed on (n=1) cell extracts of each CLL 

sample. Each point represents the mean value for an individual patient and the error bars represent the average 

mean ± SEM for the total patient samples. One tailed paired t-test p-values are shown for the significance of 

differences between the mean values of treatment with or without Anti-IgM is displayed above the horizontal 

bars, significance taken at p < 0.05.  
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Figure 7.19 Summary plot comparing the fold change in the mRNA expression of p53 target genes 

expression for CLL cells treated with WIP1 inhibitor in combination with RG7388 (3µM) in the presence 

of immobolised coated antidbodies by qRT-PCR. (A) MDM2 (B) TP53INP1 (C) PUMA (D) BAX (E) FAS (F) 

CDKN1A. Primary CLL samples stimulated with antibodies either Anti-IgG or Anti-IgM for 1hr prior treatment 

of either RG7388 alone (n=6) or in combination with GSK2830371 (2.5µM) (n=4) for 6 hrs. Each colour 

showed mRNA expression of certain gene in response to different treatment condition. Each point represents the 

mean value for an individual patient and the error bars represent the average mean ± SEM for the total patient 

samples. The experiment performed on (n=1) cell extracts of each CLL sample. One tailed paired t-test p-values 

are shown for the significance of differences between the mean values of treatment with or without Anti-IgM is 

displayed above the horizontal bars, significance taken at p < 0.05. 
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7.5 Discussion 

 

In this chapter, beads coated with immobilised Anti-IgM antibody were used to mimic aspects 

of the in-vivo environmental conditions of progressive CLL cells. An ex-vivo 

microenvironment experimental model was designed based on the interaction between the 

BCR of CLL cells with immobilised Anti-IgM antibody. It was clearly and notably observed 

that both immobilised Anti-IgG and Anti-IgM antibodies significantly increased the metabolic 

activity of CLL cells compared to non-stimulated CLL cells (Figure 7.2). Moreover, the 

detection of phosphorylated ERK protein confirmed the activation of downstream BCR 

signalling by contact with immobilised Anti-IgM antibody, which in association with FcµR 

can promote the BCR signalling (Figure 7.1). However, binding of immobilised Anti-IgG 

antibody is associated with FcγRIIB, which inhibits the BCR signals (Liu et al., 2019). 

These results are in line with several studies which have identified that immobilised Anti-IgM 

antibody triggers BCR signalling and induces more powerful growth and survival stimulation 

signals in B CLL cells, regardless of IGHV mutation status (Quiroga et al., 2009; Vlad et al., 

2009). The anti-apoptotic effect initiated by BCR stimulation was detected in both IGHV M-

CLL and unmutated U-CLL cells. However, with M-CLL a rapid and strong protective 

response against apoptosis was observed compared to U-CLL cells, which are more resistant 

to spontaneous apoptosis (Rombout et al., 2016). Using immobilised Anti-IgM antibody to 

stimulate BCR signalling provides understanding of the in-vivo response of CLL cells to 

microenvironmental factors including potential differences in gene expression of CLL cells 

located in lymph nodes (Herishanu, Pérez-Galán, et al., 2011). 

Looking to the effect of WIP1 inhibitor, GSK2830371 at (2.5µM), as a single agent this had 

minimum or no effect on the viability of the CLL cells whether in the presence or absence of 

both immobilised Anti-IgG and Anti-IgM antibodies compared to non-stimulated CLL cells 

(Figure 7.3). Although, both BCR stimulation and unstimulated CLL cells showed no 

inhibition effect in response to WIP1 inhibitor however, Anti-IgG and Anti-IgM stimulated 

CLL cells showed higher cell viability than non-stimulated (control) CLL cells.   

Looking to the mRNA changes in a panel of genes in response to WIP1 inhibitor, the 

expression of PUMA was increased whether in the presence or absence of the BCR 

stimulation signals (Figure 7.12). there was not much difference in the mRNA expression of 

the genes in the panel relative to the DMSO treatment level, apart from sample CLL309. 
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Unlike other CLL samples in the cohort, CLL309 showed high fold changes expression in 

response to WIP1 inhibitor compared to the other CLL samples in the cohort. Taking that in 

accounts, WIP1 inhibition increased the expression of PPM1D, MDM2, PUMA, BAX and FAS 

of CLL309 in the presence of immobilised Anti-IgG antibody stimulation compared to non-

stimulation control. However, with immobilised Anti-IgM antibody stimulation, PUMA was 

the only gene particularly in CLL309 whose expression was increased compared to the other 

genes in the panel (Figure 7.12). 

Looking to the effect of MDM2 inhibitor, immobilised Anti-IgM antibody stimulated CLL 

cells become less responsive to RG7388 compared to non-stimulated CLL cells. CLL cell 

become more viable and metabolically active when exposed to and stimulated by Anti-IgM 

and the CLL cells also become less sensitive to the RG7388 treatment (1µM p= 0.01, 3µM 

p=0.04) (Figure 7.9).  

The combination of WIP1 inhibitor with RG7388 potentiated the activity of RG7388 on Anti-

IgM antibody stimulated CLL cells. The viability of immobilised Anti-IgM antibody 

stimulated CLL cells was reduced by the combination of WIP1 inhibitor with RG7388 

compared to the effect of RG7388 alone (1µM P=0.03, 3µM p=0.3) (Figure 7.9). 

Since some of the CLL samples in the cohort could not achieve the LC50 of RG7388 at (3µM) 

concentration, a statistical test for LC50 difference could only be applied to the group of 

samples for which an LC50 was reached. It was found that in the presence of immobilised 

Anti-IgM antibody stimulation CLL cells become less sensitive to RG7388 alone or in 

combination with WIP1 inhibitor compared to in the absence of BCR stimulation signals 

(Figure 7.10 A). 

WIP1 inhibitor was not able to potentate the activity of RG7388 on CLL cells in the absence 

of immobilised Anti-IgM antibody stimulation signals through BCR although, in the presence 

of immobilised Anti-IgM antibody stimulation signals, CLL cells become more sensitive to 

RG7388 in combination with WIP1 inhibitor compared to RG7388 alone (Figure 7.10 B). In 

contrast, another study reported that dasatinib produces potential effect on pro-survival 

activity of CLL cells mediated by BCR signalling (Mccaig et al., 2011). 

Regarding to the changes in expression of the gene panel, MDM2 and PUMA were the only 

two genes that consistently showed an increase in response to RG7388 alone whether in the 

presence or absence of the BCR stimulation signals (Figure 7.14). However, on addition of 

the WIP1 inhibitor, MDM2 and the pro-apoptotic FAS, BAX and PUMA, were increased with 
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combination treatment of WIP1 inhibitor with RG7388, either in the presence or absence of 

the BCR stimulation signals (Figure 7.16)  

In non-stimulated CLL cells, RG7388 induce the expression of MDM2, TP53INP1 and PUMA 

genes. The increase in PUMA indicated that RG7388 as a single agent drives the CLL cells 

towards apoptosis. The increases in the regulators of TP53 signalling, MDM2 and TP53INP1, 

potentially have opposing effects (Figure 7.14). MDM2 is a negative regulator of TP53, 

whereas TP53INP1 is reported to be a positive anti-proliferative and proapoptotic protein. 

Furthermore, the combination of WIP1 inhibitor with RG7388 increased the expression of 

MDM2 and TP53INP1 which indicated increased activation of TP53 in CLL cells. In addition, 

the pro-apoptotic genes, PUMA, BAX and FAS were further induced with WIP1 inhibitor in 

combination of RG7388. It was evident that CLL cells were increasingly pushed toward 

apoptosis with WIP1 inhibitor in a combination with RG7388 in the absence of BCR 

stimulation signals (Figure 7.17 A&B).  

In immobilised Anti-IgG antibody stimulation, the fold changes in expression of MDM2, BAX 

and PUMA were increased with RG7388 treatment alone and the combination of WIP1 

inhibitor further increased the expression of these genes, as well as resulting in a significant 

induction of FAS (Figure 7.18). 

With immobilised Anti-IgM antibody stimulation, MDM2, FAS and PUMA showed an 

increase in expression in response to RG7388 treatment relative to the DMSO control and the 

addition of WIP1 inhibitor further increased their expression, and BAX additionally became 

further induced (Figure 7.19). 

Our results supported the data of Bernal et al, who showed apoptosis inhibition and induction 

of BCL2 and MCL1 by blocking PI3-K pathway, a critical mediator of signals through the 

engagement of antigen surface IgM receptor (Bernal et al., 2001). In addition, Deglesne et al. 

showed that immobilized antibody stimulation signals promoted resistance against 

spontaneous apoptosis cascade in ex-vivo microenvironmental modelling experiments with B-

CLL cells over a period of 3 days (Deglesne et al., 2006). 

Guarini et al. found that upon the Anti-IgM ligation with BCR, a limited set of genes were 

involved in upregulation of the apoptosis pathway in U-CLL cells. These genes are EGR3, 

NR4A1, DUSP4, LRMP and CD39. Thus, apoptosis may occur in a small population upon 

IgM stimulation (Guarini et al., 2008).  
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Further studies identified increases in anti-apoptotic gene expression levels upon IgM 

stimulation, associated with the TNF (tumour necrosis factor) and NFKB signalling pathways. 

The upregulation of specific genes including, CD40, TRAF (TNF receptor-associated factor), 

and TNFAIP3 (a gene involved in the negative regulation of the NFKB pathway), indicates 

that these genes play a role in inhibiting apoptosis (Chung et al., 2002; E. G. Lee et al., 2000). 

These findings suggested that IgM stimulation plays a role in promoting the survival of U-

CLL cells. On the other hand, in M-CLL, no induction in anti-apoptotic signals was triggered 

by IgM stimulation. 

Other studies have reported that IgM stimulation increases the apoptotic pathway in CLL 

samples compared to normal healthy B-cells. In addition, unexpected upregulation of pro-

apoptotic genes in CLL samples from patients with aggressive disease compared with normal 

B-cells were also reported. This might be due to the heterogeneity of CLL samples or short 

time periods of CLL stimulation with IgM antibody (Chung et al., 2002; Aggarwal, 2003). 

In summary, Anti-IgM stimulation through BCR had a protective effect on CLL cells in the 

absence of RG7388 and made them more resistance to RG7388 treatment. However, WIP1 

inhibition had no significant effect under any of these conditions, apart from a small 

potentiation effect on RG7388 responses at 3µM in the presence of IgM stimulation. 
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8.1 Conclusions 

 

Despite the advances made in the treatment of CLL over the last fifteen years, it remains an 

incurable disease for the majority of patients. With the discovery of novel targeted treatments, 

such as ibrutinib and venetoclax, treatment is becoming more personalised however, there is 

still a need to unravel the molecular mechanisms behind the disease in order to develop more 

effective targeted treatment options. Therefore, the aims of this thesis were to determine the 

response of haematological cell lines and primary CLL patient derived samples to small 

molecule MDM2 inhibitors as single agents and in combination with a WIP1 inhibitor 

GSK2830371, and to investigate the potential effect of in-vivo microenvironmental factors on 

these responses by modelling these factors ex-vivo.  

Microenvironment signals play a critical role in promoting CLL disease progression, survival, 

proliferation, and resistance to therapies. In this study, different microenvironment factors were 

modelled ex-vivo to mimic some of the potential surrounding interaction factors that can 

influence CLL cell proliferation and survival once they have migrated to the lymph nodes.  

These microenvironment signals can be mediated through cell adhesion molecules, such as 

CD40L (Chapter 5), cytokines IL-4 (Chapter 6), BCR (immobilised IgM antibodies) (Chapter 

7), and other factors produced by other cellular components within the microenvironment 

including, but not limited to, T cells. 

Interaction between CLL cells and T cells in the microenvironment can trigger signalling 

pathways that activate survival and proliferation signals, including the BCR pathway, NF-κB, 

and PI3K pathway. These pathways promote CLL cell survival and proliferation which 

contributes to disease progression and inhibition of apoptosis. 

Furthermore, the microenvironment signals can also influence CLL cell viability and response 

to therapies. The interactions between the microenvironment and CLL cells activate survival 

cascades, leading to treatment resistance (Crassini et al., 2017; Pedersen & Reed, 2004). 

Understanding the ex-vivo microenvironment signalling in CLL is necessary to improve the 

development of targeted therapies that can disrupt these interactions and enhance the 

effectiveness of treatments. Targeting specific signalling pathways or disrupting the interactions 

between CLL cells and the microenvironment, may offer new therapeutic strategies to 

overcome treatment resistance and improve patient outcomes in CLL. 
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One such targetable signalling pathway of interest is the MDM2/TP53/PPM1D signalling 

network. Throughout this thesis, the response of both haematological B-cell lines (Chapter 3) 

and primary CLL patient samples (Chapter 4) to small molecule MDM2 inhibition, alone and 

in combination with a WIP1 inhibitor, were investigated. 

 

 WIP1 inhibitor potentiated the stabilization of functional TP53 in response to MDM2 

inhibitor in B-cell lines and primary CLL cells  

 

Consistent with the findings reported by Gilmartin et al. in 2014, this study revealed that the 

WIP1 inhibitor, GSK2830371, exhibited a dual impact on WIP1 protein inhibition. This 

compound not only suppressed the enzymatic activity of WIP1, as demonstrated by an 

increase in phosphorylated p53 (Ser15) levels, which serves as a substrate for WIP1 

phosphatase, following WIP1 inhibitor treatment, but also facilitated the degradation of WIP1 

protein, as evidenced by a decrease in WIP1 protein expression subsequent to WIP1 inhibitor 

treatment. The dual effects of the WIP1 inhibitor are of particular significance in preventing 

the reactivation of WIP1 through p53 stabilization following treatment with an MDM2 

inhibitor. 

It was clearly identified that the WIP1 inhibitor potentiated p53 stabilisation observed with 

MDM2 inhibitors (RG7388 and HDM201) in wild type TP53 leukaemia B-cell lines (Nalm-6 

and OCI-Ly3) and heterozygous NALM-6(-/+) with one functional allele of TP53 to sub-

micromolar concentrations of the clinically relevant MDM2 inhibitors (Chapter 3). 

Potentiation of RG7388 induced cytotoxicity by WIP1 inhibition was also shown for the ex-

vivo primary non-proliferative CLL cells at sub-micromolar concentrations. Several studies 

from our group and by others have confirmed that the combination of WIP1 inhibitor 

(GSK2830371) potentiates the growth inhibitory and cytotoxic activity of RG7388 across a 

wide range of cancer cell types in a p53 dependent manner by increasing the phosphorylation 

of p53(Esfandiari et al., 2016). Our group have gone on to show this leads to the increased 

growth inhibition of liver adenocarcinoma cells  (Wu et al., 2021), uterine Leiomyosarcoma 

(uLMS) (Chamberlain et al., 2021), and cutaneous and uveal melanoma (Wu et al., 2018). 

In the current study, the viability of the cells was determined using the XTT assay and 

supporting evidence of on-target mechanism was provided by the prominent stabilisation of 

p53 and the increase in TP53 downstream transcriptional targets by western blot analysis. 
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Addition, mechanistic evidence was provided by measuring the difference in mRNA levels for 

a panel of TP53 transcriptional target genes.  

MDM2 inhibitor (RG7388) as a single agent induces stabilisation of TP53 and increases in 

downstream target gene protein levels, including MDM2. Furthermore, combination with 

WIP1 inhibitor enhanced the induction of TP53 target gene protein levels. Moreover, cPARP 

protein was induced to a greater extent with WIP1 inhibitor combination compared to 

RG7388 alone, showing that the combination treatment drove both haematological functional 

TP53 cell lines and the non-proliferative primary CLL cells into apoptosis (Chapter 3 and 

Chapter 4). 

Furthermore, the GSK2830371 in a combination with RG7388 was associated with increased 

upregulation of pro-apoptotic genes (PUMA, BAX, NOXA and FAS) in functional TP53 

NALM-6 cells and ex-vivo non-proliferative CLL cells. In addition, the p53-dependent genes, 

MDM2, TP53INP1 and CDKN1A were induced to a greater extent with GSK2830371 and 

RG7388 in combination compared with the response to RG7388 alone. Similar findings were 

reported by Wu et al. for the combination treatment of cutaneous melanoma cell lines with 

RG7388 and GSK2830371 (Wu et al., 2018). Chamberlain et al also reported in her study of 

p53WT uLMS cells that the mRNA expression of coupled pro-apoptotic genes, PUMA, FAS 

and NOXA were increased, consistent with the increased p53 transcriptional activity pushing 

the cells into apoptosis (Chamberlain et al., 2021). All the results in the current study on B-

cells and CLL supported further evaluation of the therapeutic use of WIP1inhibitor in 

combination with MDM2 inhibitors for patients with wild type TP53 CLL. 

Conversely, for the TP53MUT NALM-6 cell line there was a no detectable change in the level 

of p53 stabilisation activity in response to treatment with MDM2 inhibitor (RG7388 and 

HDM201) up to (10µM) and the cells were resistant to the antiproliferative and cytotoxic 

effect of the MDM2 inhibitors, showing these effects to be mediated by wild-type functional 

TP53 (Drummond et al., 2016). Similar observations were reported through our group by 

Aptullahoglu for p53MUT Ramos and Raji cell lines that showed no detectable change in the 

p53 protein levels nor any increase in the transcriptional target gene products of MDM2 and 

p21WAF1, in response to treatment with RG7388, HDM201 and Nutlin-3a (Aptullahoglu, 

2018). 

However, the combination of GSK2830371 with RG7388 significantly potentiated the 

stabilisation activity of functional wild type p53 in response to RG7388 and HDM201 with 

concentration dependent inhibition manner. In addition, increases the mRNA expression of 
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genes regulated by p53 transcription in functional p53 (p53WT) cell lines as reported in (Wu et 

al., 2018; Chamberlain et al., 2021). 

The results obtained from the B-cell lines (Chapter 3) provided evidence of the specificity and 

efficacy of the WIP1 inhibitor to potentiate the stabilisation and activation of TP53 in 

response to second generation MDM2 inhibitors currently in clinical trial for a range of 

malignancies.  

The novel finding of the current study is that this is the first investigation of a WIP1 inhibitor 

used in combination with a second generation RG7388 on primary CLL patient samples. XTT 

cytotoxicity assay and western blot results indicated that the combination of WIP1 inhibitor 

significantly potentiated the response to RG7388 of functional TP53 CLL cells at sub-

micromolar and hence clinically achievable concentrations. This is an exciting observation as 

it has the potential to provide an alternative treatment for relapsed CLL. However, it would be 

important to establish whether there is a therapeutic advantage of the combination treatment 

without increasing any dose limiting cytotoxicity associated with MDM2 inhibitors.  

 

 The effect of ex-vivo modelling of microenvironment signals on the response to 

MDM2 and WIP1 inhibition 

 

The microenvironment plays a crucial role in CLL cell progression and therapeutic responses. 

This study investigated the ex-vivo effect of GSK2830371 in combination with the MDM2 

inhibitor RG7388 on CLL cells, and how this response might be affected by 

microenvironmental factors signals for CLL cells. The main types of microenvironment 

signals which impact on CLL cell survival and proliferation within the lymph node, that were 

modelled ex-vivo in this study, included CD40L, IL-4 and BCR signalling. 

 

8.1.2.1 The effect of co-culture with CDL40/IL-4 on primary CLL cells 

 

Mouse fibroblast cells expressing CD40L on their surface were used to support the survival 

and proliferation of CLL cells. In addition, IL-4 was included to enhance the survival and 

proliferation signals. 
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The result showed that CD40L/CD40 interaction stimulated the proliferation of CLL cells 

although, the CLL cells co-cultured with CD40L/IL-4 become more sensitive to RG7388 with 

GI50 doses of (0.03µM ± 0.01) compared to NTL/IL-4 co-cultured (0.064µM ± 0.015) (Table 

5.3). CLL cells co-cultured with CD40L could not proliferate under the effect of RG7388 

exposure. RG7388 prevent the CLL cell number to get increased under the influence of 

CD40L/IL-4 co-culture relative to the DMSO untreated condition. RG7388 inhibited the 

proliferation activity of wild type TP53 CLL cells co-cultured with CD40L and IL-4 signals 

(Figure 5.12 and Figure 5.13). In contrast, CLL cells co-cultured with NTL, parental mouse 

cells not expressing CD40, in the presence of IL-4 produced a protective effect and increased 

survival in response to RG7388 treatment. Thus, the effect of IL-4 signals on CLL cells was 

investigated. Consistent with the results reported by Ciardullo et al that co-culturing CLL 

cells with moused fibroblast expressing CD40L, with the addition of IL-4 significantly 

reduced the spontaneous apoptosis of CLL cells and induces their proliferation, and also 

that RG7388 inhibited the proliferation of CD40L/IL4 stimulated CLL cells (Ciardullo et 

al., 2019). 

In my study, further investigation was performed on the mRNA expression of TP53 target 

genes in response to a combination of WIP1 and MDM2 inhibitors. TP53 negative regulator 

genes (MDM2, CDKN1A) were induced with the combination of GSK2830371 with RG7388 

compared to the effect of RG7388 alone in the presence of CD40L/IL-4 stimulation. 

Moreover, along with the combination treatment in the presences of CD40L/IL-4 stimulation, 

the expression of the pro-apoptotic genes, PUMA, BAX and NOXA were induced indication 

the CLL cells undergo for apoptosis (Figure 5.26 and Figure 5.27). 

It was previously identified that CD40 signalling has a role in regulating the expression of 

multiple genes encoding antiapoptotic proteins, such as BCL-xL, cIAP2, and A20 (Craxton et 

al., 1998; Z. Wan et al., 1995). Several studies have shown that, in CLL cells activated by 

CD40L, multiple genes associated with increased antiapoptotic activity, including CFLAR 

(FLIP), TRAF1, BIRC3 (cIAP2), and TNFAIP3 (A20), exhibit significantly higher expression 

levels compared to activated healthy B-cells. Notably, CFLAR (FLIP) functions by 

suppressing Fas-mediated apoptosis through interference with the activation of pro-caspase 8 

at the level of the death-inducing signalling complex (DISC) (Thome & Tschopp, 2001). 

Moreover, it was reported by Eldering et al, that NOXA expression was reduced in ex-vivo 

CD40L stimulation of CLL cells (Smit et al., 2007). 

In my results, it was demonstrated that RG7388 decreases the expression of pro-apoptotic 

genes, PUMA, BAX and NOXA for CLL stimulated by CD40L/IL-4 however, the combination 
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of WIP1 inhibitor induces those genes expression leading the CLL cells to undergo apoptosis. 

Interestingly, MDM2 inhibitor (RG7388) could overcome and inhibit the proliferation and 

survival signals (anti-apoptotic) of CD40L/IL-4 in stimulated CLL cells (Figure 5.26 and 

Figure 5.27). 

In contrast, looking to the mRNA expression of MDM2, CDKN1A with NTL/IL-4, it 

obviously seen that the combination treatment of WIP1 and MDM2 induced compared to 

RG7388 alone. In addition, the pro-apoptotic genes were also induced with combination 

treatment of WIP1 and MDM2 inhibitors in the presence of NTL/IL-4 stimulation. This 

means the WIP1 inhibitor has the ability to potentiate wild-type TP53 stabilization in the 

presence of both CD40L and IL-4 microenvironment signals, despite the protective effect of 

these microenvironmental factors. 

 

8.1.2.2 The effect of IL-4 on primary CLL cells  

 

To determine its individual contribution, experiments were also conducted to investigate the 

effect of IL-4 alone on the response to MDM2 and WIP1 inhibitor treatment. IL-4 can provide 

signalling that supports ex-vivo survival of B-cells by itself but without increasing their cell 

division or proliferation (Seda et al., 2021; Dancescu et al., 1992). However, for CLL cell 

proliferation to occur, pre-activation of the CD40 pathway or simultaneous stimulation is 

required (Granziero et al., 2001; Néron et al., 2011). It is worth noting that IL-4 also 

stimulates the production of anti-apoptotic proteins, including MCL1, in CLL cells (Dancescu 

et al., 1992). Additionally, IL4 plays a role in enhancing the expression of surface IgM 

(Aguilar-Hernandez et al., 2016; Guo et al., 2016) and CD20 both of which are relevant to 

BCR signalling (Sandova et al., 2021).  

 

8.1.2.3 The effect of Anti-IgM induced BCR signalling on primary CLL cells 

 

In CLL cells, both IL-4 and stimulation of BCR signalling initiate the activation of pathways 

that promote cell survival and resistance to spontaneous cell apoptosis. Stimulation of the 

CLL cells through the BCR or IL-4 signalling pathways can have synergistic effects on the 

survival and progression of CLL cells and resistance to therapy. 
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Several studies identified that BCR and IL-4 signalling increased CLL cell survival and 

resistance to apoptosis. This suggests cooperative involvement of signalling activation 

pathways or the modulation of downstream targets by both BCR and IL-4 signalling (Parada 

et al., 1984; Burger & Chiorazzi, 2013; ten Hacken et al., 2019). 

The impact of IL-4 signalling on the survival of CLL cells is significant. Binding of IL-4 

cytokine with its receptors on CLL cells, IL-4 activates downstream signalling pathways that 

promote cell survival. IL-4 upregulates the expression of MCL1, anti-apoptotic gene that 

enhance CLL cells survival (Herishanu, Gibellini, et al., 2011). 

In the current study both IL-4 (Figure 6.4) and immobilised anti-IgM antibody (Figure 7.2) 

signals significantly increase the viability of the primary CLL cells relative to the non-

stimulated, leading to induce the survival and proliferation of the CLL cells, which was 

determined by XTT sassy. In addition, both IL-4 (Figure 6.14) and immobilised anti-IgM 

antibody (Figure 7.9) stimulated CLL cells to become less sensitive to treatment with RG7388 

alone and in combination with WIP1 inhibitor compared to non-stimulated CLL cells.  

For the majority of wild type TP53 CLL cell samples the IC50 inhibition was not reached in 

response to either RG7388 alone or in combination with GSK2830371in the presence of IL-4 

(Figure 6.15) and anti-IgM antibody (Figure 7.10) stimulation in comparison to the non-

stimulated CLL cells (control). Nevertheless, WIP1 inhibitor potentiated the effect of RG7388 

on the CLL sample cohort despite not achieve the LC50 in the presence of IL-4 or anti-IgM 

antibody signals. Thus, the potentiation of WIP1 inhibitor with RG7388 treatment were 

measured by identifying the LC70 inhibition effect on CLL with IL-4 signalling and the ratio 

of effect for a given dose with anti-IgM antibody stimulation.   

In the presence of IL-4, the downstream increase of TP53 target proteins was induced with 

RG7388 and further increased with WIP1 inhibitor combination. In addition, the cPARP 

protein level was reduced in the presence of IL-4 in response to both RG7388 alone and in 

combination with WIP1 inhibitor. In contrast, in the absence of IL-4 the expression of cPARP 

protein apoptotic marker was detected with RG7388 and further increased with the 

combination of WIP1 inhibitor (Figure 6.16).  

Consistent with our finding results, Murata reported that in ex-vivo experiments with B-cells, 

the binding of IL-4 molecules to the IL-4 receptor activates JAK1/3-mediated 

phosphorylation of STAT6 (pSTAT6) which induces the expression of genes involved in 

tumour cell survival, metastasis and proliferation (Murata et al., 1998). 
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In along with this, the TP53 negative regulator genes expression of MDM2, PPM1D and 

CDKN1A were induced with IL-4 signals in response to the combination treatment of 

RG7388 and GSK2830371 (Figure 6.34). In comparison, with immobilised anti-IgM antibody 

stimulation, MDM2 showed fold changes increases as a TP53 dependent negative regulator 

gene (Figure 7.17).   

Looking to the fold changes in mRNA expression level, the pro-apoptotic genes, PUMA and 

FAS were highly increased in the CLL samples stimulated with immobilised anti-IgM 

antibody in response to RG7388 and WIP1 inhibitor combination compared to control (Figure 

7.18 and Figure 7.19). 

In contrast, in the presence of IL-4, CDKN1A, MDM2, PPM1D and the pro-apoptotic genes 

(PUMA, BAX, NOXA) genes expression were increased in CLL samples in response to 

combination treatment with RG7388 and GSK2830371 (Figure 6.32). 

In this study the anti-apoptotic gene expression of BCL family either MCL1 or BCL2 did 

express fold change differences in their mRNA expression level neither with any of the 

microenvironment stimulations (CD40L, IL-4 and Anti-IgM) in response to RG7388 and in 

combination with WIP1 inhibitor. Our finding is similar to the Ciardullo reported in our group 

previous study (Ciardullo et al., 2019).   

Andrew Steele and his group suggested that the IL-4 signalling pathway augments BCR 

signalling and promote B-cell proliferation and survival, especially within the U-CLL patient 

sample subset. In their study, they found IL-4 decreases the inhibitory effects of idelalisib or 

ibrutinib on anti-IgM–induced signalling and protects the CLL cells against BCR kinase 

inhibitor induced apoptosis (Aguilar-Hernandez et al., 2016). These protective effects are 

similar to what was observed in the current study for responses to MDM2 and WIP1 inhibitor 

treatment.  

To sum up all the investigations, WIP1 inhibitor, GSK2830371, potentiated the activity of 

RG7388 and further stabilises protein and gene expressions of functional p53 for in-vivo 

primary CLL cell. GSK2830371 prevent the dephosphorylation mechanisms which keeps 

TP53 continue phosphorylated and active for CLL cells stabilisation. In addition, RG7388 

prevents MDM2 from targeting p53 for degradation which keeps p53 levels high to regulate 

genes involved in the CLL cell cycle arrest and apoptosis. 

In contrast, with ex-vivo microenvironment stimulation, CD40L, IL-4 and Anti-IgM, the 

primary CLL cells become more metabolically active and less sensitive in responses to the 
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RG7388 and WIP1 inhibitor.  Although, WIP1 inhibitor had lower potentiation effect on 

RG7388 activity in the presence of stimulation, however, CLL cells was showing 

concentration dependent inhibition manner in response to the treatment. 

In ex-vivo experiment, the combination of GSK2830371 with RG7388 enhances p53 

stabilization and transcriptional activity in TP53 wild-type B-cell lines and primary CLL cells. 

This effect promotes apoptosis in CLL cells through the upregulation of pro-apoptotic genes 

such as PUMA, BAX, NOXA, and FAS.  

With CD40L/IL-4 co-culture, CLL cells become more sensitive to RG7388 compared to the 

absence of CD40L/IL-4 mouse fibroblast cells. The IC50 of RG7388 in CLL cells co-culture 

with CD40L/IL-4 is (0.03µM ± 0.01), while the IC50 of RG7388 in non-stimulated ex-vivo 

CLL cells is (0.71µM ± 0.23). The combination of GSK2830371 further potentiates the effect 

of RG7388, reducing the IC50 to (0.28µM ± 0.02). In contrast, IL-4 and immobilised Anti-

IgM antibody stimulation increase the basal metabolic activity of the CLL cells making the 

CLL cells more viable compared to non-stimulated CLL cells. Thus, CLL cells become less 

sensitive to RG7388 and the CLL cells could not achieve the IC50. The combination of 

GSK2830371 enhances the activity of RG7388 and producing adverse negative effect against 

the mechanism of IL-4 and immobilised Anti-IgM antibody stimulations. 

Looking at mRNA expression, the combination of GSK2830371 with RG7388 further induces 

the expression of TP53 negative regulator genes (MDM2, CDKN1A) and pro-apoptotic genes 

(PUMA, BAX, NOXA) relative to the effect of RG7388 alone in response to the CLL cells co-

cultured with CD40L/IL-4. Conversely, the presence of IL-4 increases the expression of TP53 

negative regulator genes (MDM2, CDKN1A, PPM1D) and pro-apoptotic genes (PUMA, BAX, 

NOXA) in response to the combination of GSK2830371 with RG7388. However, the 

expression of PUMA and BAX is reduced, while FAS is induced in response to the 

combination of GSK2830371 with RG7388 for CLL cells in the presence of immobilised 

Anti-IgM antibody stimulation. 

Over all, the combination of GSK2830371 with RG7388 generate significant promise in 

targeting the p53 pathway in CLL, potentially leading to more effective treatment options for 

patients, particularly those with resistant forms of the disease due to longer remission times or 

TP53 mutations. By enhancing TP53 pathway activity, the treatment could lead to longer 

remission times and improved patient outcomes. Furthermore, CLL cells co-cultured with 

CD40L/IL-4 increased the sensitivity to RG7388. This will give chance that the combination 
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of GSK2830371 with RG7388 could have more potentiation effect on CLL cell which were 

migrated to lymph node or T cells.  

 

 Future works 

 

1. CLL patients often develop resistance to targeted therapies over time. Therefore, it is 

important to use the ex-vivo model system to test the effect of microenvironmental 

factors on the response to MDM2 and WIP1i combination on CLL samples from 

patients who have become resistant to prior treatments, as well as those who 

experience relapse or remain in remission following previous therapies. 

2. Use the ex-vivo response model to identify CLL patients that are more likely to show 

greater potentiation of MDM2-p53 binding antagonists by WIP1 inhibitors in the 

presence of protective microenvironment factors.  Investigate the relationship of these 

responses to clinical and pathology variables.   

3. Next-generation sequencing and single-cell RNA sequencing could be used to identify 

genetic profiles and mutations as potential biomarkers of treatment response. This will 

give better understanding of the heterogeneity of CLL cell populations and how it 

relates to the response to combination treatment.  

4. Investigate the potential synergistic effects of MDM2 inhibitor treatment with other 

established and evolving CLL therapies such as the use of BTK inhibitors to inhibit B 

cell receptor signalling  

5. Target p53-independent pathways simultaneously, such as PI3K and BCL-2 inhibitors, 

to target TP53 mutant subpopulations which would be resistant to MDM2 and WIP1 

inhibitor combinations. 

6. Investigate apoptotic end points in CLL cells in response to WIP1 and MDM2 

inhibitor treatment using Caspase-glo 3/7 assay and FACS-based AnnexinV and 

propidium iodide staining assays. 

7. Determine the effect of MDM2 inhibitor and GSK2830371 combination treatment on 

normal dose limiting tissues, including CD34+ stem cells to establish whether there is 

a therapeutic advantage in the treatment combinations. 

8. Currently there are no WIP1 inhibitors suitable for clinical evaluation. Until recently 

this has been held back by the lack of an atomic resolution X-ray crystal structure of 

WIP1. This is an active area of drug development research in the Newcastle.  
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