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Abstract 

The B-cell receptor (BCR) activity in chronic lymphocytic leukaemia (CLL) cells is vital for 

disease progression, driving cell survival, proliferation, and chemoresistance. Forkhead box 

protein O1 (FOXO1), a transcription factor widely considered as a tumour suppressor in B-

cell malignancies, is inactivated downstream of BCR activation. Previously, we 

demonstrated that FOXO1 expression is significantly upregulated in lymph node (LN) 

biopsies of poor prognostic CLL patients. However, FOXO1 cytoplasmic localisation and 

deregulation of FOXO target genes, including cyclin-dependent kinase inhibitor 1A 

(CDKN1A), cyclin-dependent kinase inhibitor 1B (CDKN1B), and cyclin D1 (CCND1), may 

suggest functional inactivity of FOXO1 in these CLL patients. This finding indicates that 

FOXO1 possesses tumour-suppressive function in CLL cells. Aligning with previous studies, 

our data demonstrated that FOXO1 is an effector of BCR crosslinking in vitro, promoting 

FOXO1 inactivation and nuclear exclusion through phosphatidylinositol 3-kinase (PI3K)/ 

protein kinase B (AKT)-dependent phosphorylation of FOXO1. This was further confirmed 

using the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib, which restored FOXO1 nuclear 

localisation and subsequently increased FOXO1 DNA binding and transcriptional activities, 

as indicated by the modulation of FOXO target genes, including the upregulation of Bcl-2-

binding component 3 (BBC3) and the downregulation of cyclin D2 (CCND2). Furthermore, 

the levels of phosphorylated and total FOXO1 protein were transiently upregulated upon 

BCR crosslinking, peaking at 30 minutes and sustaining up to 2 hours. Therefore, we 

investigated FOXO1 regulation upon BCR crosslinking in relation to post-translational 

modifications involving the ubiquitination-proteasome system (UPS) pathway, particularly 

deubiquitinase (DUB) proteins. 

Little is known about the role of individual DUB family members in CLL. Our analysis 

revealed that expression levels of DUB proteins in patient CLL cells were largely 

upregulated, including the expression of ubiquitin-specific protease 7 (USP7) and ubiquitin-

specific protease 9, x-linked (USP9x). FOXO1 co-immunoprecipitation (co-IP) demonstrated 

USP7 interaction with FOXO1 in primary CLL cells and cell lines. The FOXO1-USP7 interaction 

was largely unaffected by BCR crosslinking, while inhibition with ibrutinib increased this 

interaction, suggesting that the PI3K/AKT pathway may play a role beyond modulating 

FOXO1 phosphorylation, potentially including modulation of FOXO1 interaction with DUB 

proteins. Treating CLL cells with the pan-DUB inhibitor PR-619 downregulated AKTS473 and 
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FOXO1T24 phosphorylation. However, USP7 inhibitors (P5091 and HBX19818) and the USP9x 

inhibitor (WP1130) were largely less effective at inhibiting the PI3K/AKT pathway. This 

suggests that DUB proteins have a regulatory role in the activity of the PI3K/AKT signalling 

pathway, but the inhibition of an individual DUB protein was not sufficient to exert a 

significant effect on PI3K/AKT activity. Additionally, the inhibitors induced the accumulation 

of MEC1 cells in the G0/G1 phase but did not impact cell proliferation. The combination of 

ibrutinib and DUB inhibitors enhanced CLL response to ibrutinib, leading to a greater 

reduction in cell viability, proliferation, and cell cycle accumulation at the G0/G1 phase. 

DUB inhibitors or knockdown (KD) of USP7 or USP9x demonstrated no effect on total FOXO1 

protein expression, while FOXO1 transcriptional activity was increased in MEC1 cells by 

HBX19818 or USP7/USP9x KDs, as indicated by the upregulation of FOXO target genes, 

including CDKN1B and BBC3. This effect was further enhanced by the combination of 

HBX19818 with ibrutinib. The nuclear localisation of FOXO1 while only modestly regulated 

by the inhibition of DUB proteins, particularly PR-619 and HBX19818 was enhanced when 

combined with ibrutinib. Additionally, USP7 or USP9x KD alone or in combination with 

ibrutinib increased FOXO1 DNA binding activity. This suggests that a reduction of USP7 

interaction with FOXO1 may facilitate the promotion of FOXO1 to its DNA binding site, 

resulting in increased FOXO1 transcriptional activity. 

Proteome and subsequent co-IP analysis of FOXO1 novel interactors revealed an interaction 

between FOXO1 and the E3 ligase tripartite motif containing 21 (TRIM21), with TRIM21 

being predominantly cytoplasmic. TRIM21 KD resulted in a reduction of total FOXO1 and 

FOXO1 nuclear localisation, suggesting that FOXO1 is a substrate of TRIM21, which plays a 

role in regulating FOXO1 stability, localisation, and potentially its activity. 

Our findings suggest that unleashing FOXO1 anti-tumour activity by simultaneously 

inhibiting BCR-mediated phosphorylation and USP7 deubiquitination of FOXO1 may present 

an alternative therapeutic strategy for CLL patients. 
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Chapter 1. Introduction 

1.1 Chronic lymphocytic leukaemia 

CLL is the most common form of haematological malignancy/leukaemia of adults in the 

Western World, which characterises by monoclonal expansion and progressive infiltration 

of CD19+ CD23+ CD5+ IgMlow IgDlow mature appearing B-cells in the peripheral blood (PB), 

bone marrow (BM) and secondary lymphoid organs (SLOs; spleen and lymph node (LN)) (1-

4). Kikushige, Ishikawa (5) stated that the capacity to generate clonal B-cells is acquired at 

the haematopoietic stem cell (HSC) stage, suggesting that CLL leukaemogenesis might 

include these multipotent, self-renewing HSCs. CLL development is often initiated by 

chromosomal deletions or additions, followed by the acquisition of further mutations that 

increase the aggressiveness of CLL disease (6). The clinical progression of CLL is highly 

heterogenous which can be indolent or progressive. While the progressive disease may 

require therapy shortly after diagnosis because of aggressive and rapid progression, the 

indolent disease may never require treatment (2, 7-9). CLL cells are arrested in cell cycle 

G0/G1 stage, with a small number of the clone exhibits a proliferative activity (10). CLL and 

normal mature B-cells both express high levels of surface antigens including CD23, CD25, 

CD69 and CD71 which are upregulated following antigen encounter, while Fc gamma 

receptor IIb, CD22 and CD79b are downregulated after cellular activation (1, 4). Similarly, 

CLL cells resemble memory B-cells in the expression of marker CD27 (11). Despite the 

similarities between CLL cells and normal mature B-cells, CLL cells acquire clinical and 

biological prognostic characteristics which determine the risk of the progression of disease. 

The pathogenesis of CLL disease is clinically ranked by the staging systems developed by Rai 

(12), and Binet (commonly followed in the United Kingdom; UK) (13). Furthermore, 

biological markers including serum levels (β2 macroglobulin (14), thymidine kinase (14), 

soluble CD23 (15)), genetic factors (the immunoglobulin heavy-chain variable region gene 

(IGHV) mutational status (16), and cytogenetic alterations (deletion and addition)) (17), and 

expression of cellular parameters (zeta chain associated protein kinase 70 (ZAP-70) (18) and 

CD38 (19)), implicated in CLL pathogenesis and utilised for prognostic stratification of CLL 

(4). The progression of CLL disease is tightly linked to the tumour microenvironment (TME), 

promoting CLL cells survival and proliferation through engagement/activation of BCR 

signalling and interaction with non-malignant accessory cells (T cells, stromal cells, and 

nurse-like cells (NLCs)) in the SLOs (4). The discovery of BCR signalling inhibitors, particularly 
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Bruton’s tyrosine kinase (BTK) and Phosphatidylinositol 3-kinase (PI3K) inhibitors have 

revolutionised therapy for CLL disease. Despite the improvement of CLL patients 

progression-free survival (PFS) and overall survival (OS) rates with BCR inhibitors, a 

significant number of patients acquire resistance to current therapies or discontinue the 

treatment due to toxicities (20). Additionally, approximately 3-8% of CLL patients treated 

with ibrutinib have developed Richter syndrome, an aggressive lymphoma (21). Richter 

syndrome is defined as the occurrence of secondary aggressive lymphomas in patients with 

a concomitant diagnosis of CLL, with two pathological variants: diffuse large B-cell 

lymphoma (DLBCL) and rarely Hodgkin lymphoma (HL) (21). Despite the effectiveness of 

ibrutinib, the rate of Richter transformations remains comparable to the rate observed with 

chemotherapy (21), highlighting the unmet clinical need for novel therapeutic strategies for 

CLL patients. 

 

1.1.1 The epidemiology of CLL 

With an annual incidence of 5.8/100,000 persons which account for 3,803 new cases in the 

UK between 2016-2018, CLL is commonly described as the most common leukaemia which 

accounts for 38% of new diagnosed leukaemia cases (22). CLL is known to mainly affect the 

elderly, with 40% of newly diagnosed cases in patients aged 75 and over (22, 23). The 

incidence rates of CLL diagnosis in patients under 45 years old accounts for only 9.1% of all 

CLL cases (24). The highest incidence of CLL is in patients aged between 85-89 years, with 

the highest rates between the age of 85 to 89 in females and 90+ in males (22). The overall 

incidence rates for both males and females increased by 9% between 2005-2007 and 2015-

2017 in the UK (22). While the incidence rates for females remained stable, in males the 

incidence rates elevated by 7% (22). CLL incidence rates are higher in males (8.6/100,000) 

than females (4.3/100,000), accounting for 63% of newly diagnosed cases in males 

compared to 37% in females between 2016-2018 in the UK (22). Of note, several reports 

suggest that female CLL patients have better prognostic features, including lower levels of 

β2-microglobulin, ZAP-70, and CD38 expression, less cytogenetic alterations, and a better 

response to chemotherapy (25, 26). Conversely, male gender is correlated with a shorter 

OS (25, 27). In the UK, the mortality incidence rates of CLL are significantly higher in males 

(2.4/100,000) than females (1.1/100,000) between 2017-2019, accounting for 61% and 

39%, respectively (28). Despite the increased correlation between mortality and age in CLL 
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cells, the mortality rates in female aged 60-64 is 3.3 times lower than males (28). However, 

the overtime mortality trends for males and females have decreased by 28% between 2007-

2009 and 2017-2019 in the UK (28). This improvement of CLL patients survival could be 

contributed to the effectiveness of BCR inhibitors (20, 29). Besides male sex and increasing 

age which are associated with the risk of developing CLL, hereditary and genetic factors also 

play a role. Individuals with a first-degree relative diagnosed with CLL have an 8.5-fold 

increased risk of developing the disease (30). Additionally, monozygotic twins (identical 

twins) have a higher risk of developing leukaemia compared to dizygotic twins (non-

identical twins) (31). The incidence rates of CLL are linked to ethnicity/race where Caucasian 

have the highest rates, followed by African, and Hispanic, with Asians having the lowest 

rates of CLL (32). Interestingly, Asian migrants and their descendants residing in Western 

countries maintain a low incidence of CLL (33), further indicating a correlation between 

genetic factors and CLL disease. Although geographic location appears to have no influence 

on CLL development, certain environmental exposures including Agent Orange and some 

insecticides, have been linked to increase the risk of CLL (34-36).  

 

1.1.2 Diagnosis and staging systems of CLL 

This section follows the latest version of the International Workshop on CLL (iwCLL) 

guidelines for clinical diagnosis and risk stratification of CLL (37, 38). Additionally, 

introducing the prognostic model established by the International CLL-IPI (International 

Prognostic Index) working group which combines biological and clinical parameters, 

promoting a more targeted management of CLL (39). 

 

1.1.2.1 Diagnosis of CLL 

CLL patients mostly experience asymptomatic disease at the time of diagnosis, while a 

minority of patients experience physical symptoms related to the disease including fatigue, 

unintentional weight loss, excessive night sweats, increased frequency of infections and 

abdominal fullness (2). Symptomatic patients might experience enlarged LNs, 

hepatomegaly, and splenomegaly, which can be detected during physical examination (2). 

However, the diagnosis of CLL is confirmed through laboratory tests, including complete 

blood count (CBC), blood smear and immunophenotyping (37). A definitive diagnosis of CLL 
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requires a persistent PB-B lymphocyte count of ≥ 5 x 109/L B lymphocytes for at least three 

months (37, 38). The absolute count and clonality of circulating B lymphocytes are 

confirmed by flow cytometry (37). A blood smear examination allows visualisation of CLL 

cell morphology (37). Characteristically, CLL cells resemble mature lymphocytes with a 

narrow rim of cytoplasm and a condensed, single large nucleus lacking visible nucleoli and 

exhibiting partially clumped chromatin (37, 38). The detection of smudge cells on blood 

smears is a distinctive feature related to CLL (37). A large harmonisation study conducted 

by European Research Initiative on CLL (ERIC) and European Society for Clinical Cell Analysis 

(ESCCA), classified 14 out of 35 markers by flow cytometry as ‘required’ or ‘recommended’ 

for CLL diagnosis (40). CLL markers required for diagnosis included CD19+, CD5+, CD20+, 

CD23+, kappa and lambda immunoglobulin light chains (Igκ and Igλ) (40). The 

recommended markers can be helpful for differential diagnosis of CLL from other lymphoid 

malignancies (40). These recommended markers include CD43+, CD79b+, CD81+, CD200+, 

CD10- and ROR1+ (40). The iwCLL guidelines also described additional diagnostic tests for 

CLL as ‘not essential’ which includes interphase fluorescence in situ hybridization (FISH), 

conventional karyotyping and marrow examination (37). 

 

1.1.2.2 CLL staging systems 

The Rai and Binet staging systems are the two main clinical tools used to classify the risk of 

CLL (12, 13, 37). The Rai system historically categorised CLL patients into five stages (0 to 

IV) based on factors including lymphocytosis, lymphadenopathy, and splenomegaly (12, 

41). Currently, a revised simplified Rai system combining the original five stages into three 

broader risk categories (37, 38). The Binet staging system is mainly based on the number of 

involved lymphoid tissue organs and whether there is anaemia and thrombocytopenia (13, 

41). The Binet staging system consists of three stages A, B and C (Table 1.1) (13). The Rai 

system is mainly used in the United States (US), while Binet staging system is commonly 

employed in Europe (41). For patients in the early stages (Rai 0, Binet A) with asymptomatic 

CLL, studies have shown no benefit of early therapeutic intervention (42-44). In contrast, 

patients with advanced disease stages (Rai stage III/IV or Binet stage C) who experience 

symptoms associated with active CLL are considered candidates for treatment initiation 

(45). Although intermediate and advanced stages may indicate the requirement for 



   
 

  5 

therapeutic intervention, patients who experience a stable platelet counts of >100x 109/L 

do not necessarily require treatment, unless showing active disease symptoms (37).  

Stage Clinical characteristics Median life expectancy (years) 

A Up to 2 areas of lymphadenopathy, no 
anaemia (Hb ≥10 g/dL)/ thrombocytopenia 
(platelet count ≥100x 109/L) 

13 

B More than 3 areas of lymphadenopathy, no 
anaemia (Hb ≥10 g/dL)/ thrombocytopenia 
(platelet count ≥100x 109/L) 

8 

C Anaemia (Hb <10 g/dL)/ thrombocytopenia 
(platelet count <100x 109/L) 

2 

Table 1.1: The Binet staging system (2, 13, 37).  
Haemoglobin (Hb), grams per decilitre (g/dL). 

 

Due to the lack of precision in classifying prognostic subgroups of CLL patients with Rai and 

Binet clinical staging systems, CLL-IPI prognostic score systems were proposed based on 

multivariate analyses consists of clinical stage, patient age, mutational status of IGHV, 

serum level of β2-macroglobulin and the presence of 17p deletion (del(17p))/cellular 

tumour antigen p53 (TP53) mutation (Table 1.2) (39). CLL-IPI system has been validated in 

various studies and was further simplified by Delgado, Doubek (46) to only include two 

biomarkers (IGHV mutational status and FISH cytogenetic) (47-49). These prognostic scoring 

systems might further evolve with the advancement in CLL treatment  and clinical prognosis.  

Prognostic factor Adverse factor Risk score 

Del(17p)/TP53  Deletion/mutation 4 

IGHV mutational status Unmutated 2 

β2-macroglobulin 
concentration 

Greater than 3.5 mg/L 2 

Clinical stage Rai (I – IV) or Binet (B and C) 1 

Patient age Older than 65 years 1 

 Total risk score 0-10 

Table 1.2: CLL - International Prognostic Index (CLL-IPI) scoring system (39).  
The risk score was calculated for each risk category based on the regression parameters from the 
Cox regression analysis (39). The five risk categories/prognostic factors are assigned scores that 
added to a total risk score ranging between 0 to 10, with higher scores indicating increasing risk 
(39). 
 

1.1.3 CLL prognostic factors 

The identification of prognostic biomarkers linked to different CLL progression stages has 

fundamentally improved CLL management. This understanding allows clinicians to make an 

informed treatment decisions and effectively monitor patient response to therapy (37, 38). 
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1.1.3.1 Cellular origin and BCR stereotyped subsets of CLL  

Normal B lymphocytes originate from HSCs and undergo a series of ordered 

rearrangements of the immunoglobulin heavy chain (IgH) and light chain (IgL) loci (50). 

These rearrangements are crucial for creating the precursor B-cell receptor (pre-BCR) (50). 

The B-cells maturation/development steps including progenitor ‘pro-‘, pre-, and immature 

B-cell in the BM, leading to the development of mature naïve B-cells expressing both IgM 

and IgD isotype of BCRs (2, 50, 51). The naïve mature B-cells migrate to SLOs to continue 

their maturation by antigen encounter through interaction with T cells and follicular 

dendritic cells (FDC) (50). This antigen encounter diversifies BCR through somatic 

hypermutation (SHM) and class switch recombination (CSR), differentiating B-cells into 

plasma cells (50, 51) (Figure 1.1).  

The cellular origin of CLL cells can be traced through the mutational status of IGHV genes 

which is an important prognostic key to categorising the pathogenesis and risk levels of CLL 

(4). The status of IGHV genes mutation can be subdivided into two major subsets, 

unmutated and mutated, with CLL carrying unmutated IGHV genes (U-CLL) evolved from a 

mature naïve CD5+ pre-germinal centre (pre-GC) B-cell that did not undergo clonal 

expansion, whereas CLL carrying mutated IGHV genes (M-CLL) derived from more mature 

CD5+ CD27+ post-GC B lymphocyte that has undergone SHM and antigen selection (4, 52) 

(Figure 1.1). Despite similarities in morphology and phenotype between U-CLL and M-CLL, 

these subsets arise independently during B-cell development from distinct lineages, with 

no apparent conversion from U-CLL to M-CLL (51). The presence of U-CLL is associated with 

a poorer prognosis and often requires earlier treatment due to the increased expression of 

proteins including ZAP-70, CD38, and myeloid cell leukaemia 1 (MCL1), which promote cell 

survival and proliferation (53, 54).  In contrast, the presence of M-CLL is linked with 

favourable outcomes (53). Interestingly, the expression of surface immunoglobulin M 

(sIgM) is higher, resulting in maintaining signalling capacity (55). 



   
 

  7 

 

Figure 1.1: Cellular origins of CLL cells (modified from (2, 51)). 
HSC: haematopoietic stem cell. FDC: follicular dendritic cell. TH Cell: T helper cell. 

 

With appropriate microenvironment signals, IgM signalling is greatly retained, aiding in 

increased survival, proliferation and disease progression in U-CLL cells, while in M-CLL, the 

expression of IgM is reduced leading to a more anergic and reduced ability to efficiently 

signal (55) (Figure 1.2). Thus, BCR signalling capacity, and the surrounding 

microenvironment plays an essential role in the pathogenesis and survival of CLL. 



   
 

  8 

 

Figure 1.2: Hallmarks of U-CLL and M-CLL patients (modified from (51)). 
 

Approximately one-third of CLL patients express stereotyped BCR, consisting of unique 

subsets of highly homologous variable heavy complementarity determining region 3 (VH-

CDR3) sequences, which results in subsets having identical alias stereotyped BCR, with 

almost two thirds having U-CLL (56, 57). CLL patients with similar BCR stereotypy shares 

similar genetic mutations, BCR signalling properties and clinical outcomes (Table 1.3). 

Moreover, stereotyped subsets #1, #2 and #8 are associated with poor clinical outcome 

while subset #4 is linked to favourable and indolent CLL (58-65). Interestingly, subset #2 

express either M-CLL (60%) or U-CLL (40%), but equally aggressive independently of IGHV 

mutational status (58). Therefore, screening for these BCR stereotypy subsets could be 

useful tools to estimate the course and progression of the disease.  
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Stereotyped 
subset 

Subset #1 Subset #2 Subset #4 Subset #8 

IGHV/IGVL gene 
identity 

IGHD6-
19/IGHJ4/ 
IGKV1[D]-39 

IGHV3-
21/IGHj6/IGLV-
21 

γ-switched 
IGHV4-
34/IGKV2-30 

γ-switched 
IGHV4-
39/IGHD6-13/ 
IGHJ5 

Frequency 
(approximately) 

2.4% 2.8% 1% 0.5% 

IGHV 
mutational 
status 

Unmutated Mutated (60%) 
Unmutated 
(40%)  

Mutated Unmutated 

BCR signalling 
capacity 

high high Low, anergic high 

Genetic 
abnormalities 
in treatment-
naïve CLL 

Del(11q) or 
del(17p), 
NOTCH1, 
NFKBIE 
mutations. 

Del(13q), SF3B1 
mutations 

Del(13q) T12, NOTCH1 
mutations 

Clinical 
outcome 

Aggressive Aggressive indolent Aggressive 

Median TTFT* 1.6 years 1.9 years 11 years 1.5 years 
increased risk 
of Richter’s 

Table 1.3: The biological and clinical characteristic of the most common CLL stereotyped 
subsets (modified from (51)).  
*Time to first treatment; TTFT.  

 

1.1.3.2 Genetic abnormalities 

CLL has a fairly stable genome when compared to other leukaemia or solid tumours (8). At 

diagnosis, approximately 80% of CLL patients show between none to two genetic alterations 

and the remaining 20% possess three or more mutations (17, 66). Moreover, biological and 

clinical prognostic factors have been identified to aid in defining the risk of the disease 

progression and to develop personalised therapeutic strategies. The most vital prognostic 

tools are cytogenetic aberrations including partial losses of one affected chromosome, such 

as deletions on 11q, 13q, and 17p, or gains of entire chromosomes, such as trisomy 12 (T12) 

(8). The pathogenicity of CLL and patients respond to treatment significantly correlated to 

chromosomal abnormalities, with the most frequent del(13q) in about 55% of CLL patients 

(17) (Table 1.4). This deletion is associated with low-risk disease and favourable outcomes 

(67). Additionally, del(13q) contains an important regulatory region that in normal CD5+ B-

cells highly express microRNA-15-a (miR-15-a) and microRNA-16-1 (miR-16-1), which 



   
 

  10 

negatively regulate the levels of anti-apoptotic B-cell lymphoma-2 (BCL-2) (17, 68) . Another 

common chromosomal aberration in CLL is T12 within 17-18% of cases (17, 19). It has been 

shown that the presence of T12 in CLL cells facilitate the appearance of a secondary 

cytogenetic mutations in genes including Neurogenic locus notch homolog protein 1 

(NOTCH1) (69, 70). Additionally, CLL cells with T12 and mutated IGHV genes are more 

susceptible to acquiring an additional trisomy such as chromosome trisomy 19 (71).  

The chromosomal aberrations that signal high risks and poor clinical outcomes are del(11q) 

and del(17p), the site of the ataxiatelangiectasia-mutated (ATM) gene and TP53, 

respectively (19, 72). The del(11q) accounts for approximately 17-18% of CLL patients, and 

is associated with other chromosomal abnormalities, increasing the number of genetic 

alterations, leading to genomic instability (17, 19, 73). Patients with del(11q) characterised 

by the presence of large and multiple lymphadenopathies, with poor prognostic factors 

including unmutated IGHV genes (8). Additionally, ATM plays a key role in regulating the 

DNA damage response pathway (72). Acquiring both del(11q) and ATM mutation leads to 

impaired responses to purine analogs and alkylating agents, resulting in chemotherapy 

resistance (74). Del(17p) is another cytogenetic abnormality that identified with a very high 

risk and resistance to treatment and is found in about 7% of CLL patients at diagnosis (17, 

19, 73). The del(17p) is highly correlated with additional TP53 mutations resulting in an 

increased resistance to chemotherapies and ibrutinib to lesser extent (75-77). This deletion 

increased to approximately 30% in chemotherapy treated patients and undergo refractory 

CLL (78). The resistance to chemotherapy can be explained by the loss of TP53 genes which 

leads to degradation of cell cycle (79, 80). Additionally, it has been shown that minority 

subclones harbouring TP53 mutation genes became the predominant clone in CLL patients, 

who completed the course of chemotherapy (81), indicating the importance of TP53 as a 

driver to chemoresistance. Beside the del(17p), overexpression of mouse double minute 2 

homolog (MDM2), a p53-specific ubiquitin ligase which regulates the ubiquitination of 

proteins, also trigger the dysfunction of p53 (82). It has been found that patients with 

del(17p) overexpressed CD38, ZAP-70 and exhibit unmutated IGHV, leading to higher 

genetic complexity, poor prognosis, and resistance to treatments (83-85). Therefore, early 

screening for these abnormalities may help in selecting the appropriate therapy for CLL 

patients. 
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Aberration Number of patients* 1, 2 Median survival (months) 1 

Del(13q) 55-56% 133 

Del(11q) 17-18% 79 

 T12 16-17% 114 

Del(17p) 7% 32 

Table 1.4: Percentage and median survival of CLL cytogenetic abnormalities. *Percentage 
of cytogenetic aberrations at diagnosis 1(17), 2(19). 
 

Beside the genetic parameters including the mutational status of IGHV genes and 

cytogenetic abnormalities, recent evidence identified by using chromosome-binding 

analysis (CBA) suggests that complex karyotype (CK) may have significant prognostic 

importance for therapy decision making in CLL (86). CK is defined by the presence of ≥ 3 

chromosomal abnormalities, and approximately 15% of CLL patients have CK (86). 

Additionally, the presence of CK was associated with poor prognostic outcome including U-

CLL, del(11q), T12, TP53 mutation and advance clinical stage (86). The clinical impact of CK 

shows an association between CK and shorter OS compared to non-CK (86). 

Molecular mapping of whole-exome sequencing (WES) and whole genome sequencing 

(WGS) identified 109 new driver genes in CLL, potentially advancing the prognostic 

paradigm in CLL oncogenesis and prognostication (87). These driver genes of CLL were 

involved in BCR signalling and differentiation, Notch signalling, DNA damage and cell cycle 

control, nuclear factor kappa B (NF-кB) signalling, mitogen-activated protein kinase (MAPK) 

signalling, myelocytomatosis oncogene (MYC) signalling, Wnt signalling, RNA processing, 

chromatin modification, proteostasis and inflammation pathway (6, 87, 88) (Table 1.5). 

Interestingly, in 24% of CLL cohort, CLL patients harboured at least one gene from the newly 

identified CLL driver genes (Table 1.5 )(87). Moreover, a mutation in the inositol-

trisphosphate 3-kinase B (ITPKB) gene, a central inhibitor of the BCR signalling pathway (89), 

was found to cause abnormal activation of the rat sarcoma (RAS)/extracellular signal-

regulated kinase (ERK) pathway in mice with B-cell lymphoma (90). This occurs because the 

ITPKB mutation leads to the production of IP4, which competes with RAS/GAP (90, 91). 

Therefore, ITPKB mutations could serve as a potential biomarker for increased BCR 

signalling (89). Mutations in the NOTCH1 gene are important recurrent mutation which 

shown to have an independent prediction of poor survival CLL (92).  
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CLL biological pathway Previously identified genes Novel genes 

BCR signalling and 
differentiation 

CARD11, IKZF3, IRF4, ITPKB, 
KLHL6, PAX5, IGLV3-21R110 

GPS2 

Notch signalling NOTCH1, FBXW7, SPEN - 

DNA damage and cell cycle 
regulation 

ATM, BRCC3, CCND2, 
DYRK1A, POT1, TP53 

ARPC5, CDC25B, CDKN1B, 
CENPB, CUL9, INO80, 
MED1, NCAPG, NEK8, 
PWWP3A, RRM1, ZC3H18 

NF-кB signalling NFKBIE IKBKB, NFKB1, NFKBIB, 
RELA 

MAPK signalling BRAF, CREB1, GNB1, KRAS, 
MAP2K1, NRAS, PTPN11 

MAP2K2, MAP4K5, MAPK4, 
RAF1 

MYC signalling FUBP1, MGA CDCA7 

Wnt signalling MED12 TFCP2, USP8 

RNA processing CNOT3, DDX3X, EWSR1, 
FAM50A, FUBP1, NXF1, 
SF3B1, XPO1, ZC3H18 

DICER1, DIS3, ZNF292 

Chromatin modification ARID1A, ASXL1, BAZ2A, 
BCOR, CHD2, CREBBP, 
IKZF3, KMT2D, SETD2, 
ZMYM3 

ARID5B, INO80, MBD1, 
MSL3, NSD1, SP140 

Proteostasis RPS15 CUL9, EEF1A1, RPS16, 
RPS23, RUFY1, SENP7, 
TRMT1, USP8 

Inflammation BIRC3, DDX3X, EGR2, IRF4, 
MYD88, SAMHD1, TRAF3 

POLR3B 

Table 1.5: CLL pathways affected by putative driver genes (modified from (87)). 
 

Patients with NOTCH1 mutations have a 3.77-fold increase of mortality, experience shorter 

treatment-free survival, and are at a higher risk of Richter transformation (92). Interestingly, 

Notch pathway activation is highest in CLL cells isolated from LN (93). NOTCH1 mutation 

stabilises the activation of the Notch pathway, leading to resistance to pro-apoptotic stimuli 

and promoting CLL cell survival (92-94). TP53 is a common mutation in CLL, particularly in 

advanced and high-risk patients, with high association with del(17p) (6, 95). TP53 encodes 

for p53 which is a nuclear transcription factor with pro-apoptotic function in response to 

cellular stresses including DNA damage a protein (96), and functions as a tumour 

suppressor in cancer (97). TP53 mutations impair this function (98), which often leads to 

resistance to chemotherapy and a shorter time to first treatment (TTFT) (6, 99). Mutations 

in the ATM gene (located on chromosome 11q22-23) are another cause of p53 dysfunction 

in CLL (100, 101), and it is implicated in the activation of p53 in response to cellular stress 

(102, 103). Clinical observation illustrates that reduced levels of ATM protein was associated 
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with poor response to therapy (100, 101). Beyond TP53 and ATM mutations, the most 

common mutations linked to unfavourable disease outcomes in CLL are found in baculoviral 

inhibitor of apoptosis repeat-containing protein 3 (BIRC3), NOTCH1 and splicing factor 3b 

subunit 1 (SF3B1) mutations (104). These mutations are found in high frequency in post-

chemotherapy refractory CLL patients compared to untreated (104-106). In CLL8 trial (Table 

1.6) (107), treatment with chemoimmunotherapy (CIT) led to clone selection enrichment 

of CLL harbouring TP53, BIRC3, dEAD-box helicase 3 X-linked (DDX3X) and mitogen-

activated protein kinase kinase 1 (MAP2K1) mutations, as well as del(17p) and del(11q) (6, 

108). Furthermore, TP53 and SF3B1 mutations were associated with shorter PFS (6). 

Therefore, screening for these mutations may characterise the disease and guide therapy 

decisions as many of these mutations are predictor of drug resistance and 

relapsed/refractory (R/R) CLL. 

 

1.1.3.3 Additional prognostic factors 

Immunophenotyping markers including the levels of ZAP-70 and CD38 are reliable 

prognostic markers in CLL, and often associated with unmutated IGHV and poor outcome 

(83, 109, 110). Moreover, ZAP-70 is one of the most well documented markers in CLL cells 

(18, 109, 111, 112), and it is structurally homologous to spleen tyrosine kinase (SYK), which 

is an important signalling pathway in BCR (113). Detecting high levels of ZAP-70 indicates a 

more aggressive disease course (18, 109). ZAP-70 has a role as tyrosine kinase expressed in 

natural killer (NK) cells and T cells as well as its ability to enhance BCR signalling in CLL cells 

(112, 114). CD38 is a transmembrane protein supporting the differentiation and interaction 

of B-cells through the ligation of CD31 (115), a cell adhesion molecule expressed by NLCs 

and T lymphocytes of the CLL-TME (116, 117). High levels of CD38 expression in CLL patients 

indicates faster disease progression and shorter survival (16). Furthermore, serum markers 

including the levels of soluble CD23, β2-microglobulin and thymidine kinase are associated 

with high risk and progressive disease (15, 118). β2-microglobulin retains independent 

prognostic value in several prognostic scoring systems (39, 119, 120). Additionally, 

Thompson, O'Brien (121) demonstrated that patients with low β2-microglobulin levels had 

superior PFS compared to patients who did not achieve normalised β2-microglobulin levels 

during treatment with ibrutinib. This suggests that β2-microglobulin may be a predictive 

biomarker that can help in assessing the effectiveness of CLL therapies. 
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1.1.4 The BCR signalling pathway 

The BCR signalling pathway is the central pathway promoting the survival and proliferation 

of normal B-cells and CLL cells (51). Furthermore, the importance of the BCR signalling 

pathway in the pathogenesis of CLL is evident through its role as a key prognostic factor 

(38), the most modulated pathway in the TME (122), and the effectiveness of BCR-targeted 

therapies including BTK and PI3K inhibitors which significantly improved the PFS and OS of 

CLL patients compared to chemotherapies (123). Beyond CLL, the BCR is crucial for the 

development, differentiation, selection, antibody production, and survival of normal B-cells 

(124). As evidence of the BCR critical role, a study demonstrated that BCR ablation resulted 

in rapid cell death of mature B-cells (125), indicating a functioning BCR is vital for their 

survival. Furthermore, mature resting B-cells maintain low levels of BCR signalling to survive 

in the absence of exogenous stimulus (126), further indicating the reliance of normal B-cells 

on the BCR signalling pathway. This low level of signalling can occur independently of 

antigen ligation and is termed tonic signalling (126, 127). Together, this shows the BCR 

important role for normal and malignant B-cells in their survival through tonic or antigen-

dependent stimulation. 

 

1.1.4.1 V(D)J recombination 

The BCR undergoes a regulated process of assembly and maturation throughout B-cell 

development. This begins in the BM, where the Ig heavy (H) chain variable (V), diversity (D), 

and joining (J) gene segments are rearranged through a process called V(D)J recombination, 

facilitated by recombination-activating gene (RAG) 1/2 proteins (128). This rearrangement 

is key and allows the transition of progenitor (pro)-B-cells to precursor (pre)-B-cells (128, 

129). The V(D)J recombination generates a vast diversity of antigen-binding regions within 

the Ig heavy chain complementarity-determining region 3 (HCDR3) (130). This diversity is 

important for determining the specificity and affinity of the BCR for antigens (51). Following 

V(D)J recombination, the light chain (V and J segments) rearrangement occurs, leading to 

the formation of the pre-BCR (51). The pre-BCR promotes the development of pre-B-cells 

into immature B-cells expressing the IgM and IgD isotypes on their surface (131). However, 

not all B-cells become mature B-cells, where cells that recognise self-antigen are eliminated 

through a process called central tolerance in the GCs (51, 131). Immature B-cells that pass 

this selection process undergo further maturation in SLOs, where the cells undergo SHM 
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(51). These mutations are then selected for by antigen encounter, leading to the 

development of B-cells with high-affinity BCRs, facilitated by activation induced cytidine 

deaminase (AID) (128). This resulting in the BCR maturation into a highly specific  and 

functional molecule, allowing mature B-cells to recognise and respond effectively to foreign 

antigens (51, 128). 

 

1.1.4.2 BCR structure and signalling transduction 

The BCR (IgM) is non-covalently bound to Igα (CD79a) and Igβ (CD79b) (4, 51, 132, 133). At 

the site of BCR activation, antigen binding to BCR leads to a cluster of kinases and scaffold 

proteins known as signalosome (134). This event of signalosome triggers the 

phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAM) in 

CD79a/CD79b the C-terminal tail of BCR-correlated by the Src family kinase LYN and SYK 

(Figure 1.3) (133, 135, 136). Phosphorylated ITAM is a docking site for the adaptor molecule 

B-cell linker (BLNK) protein (134, 137, 138). Furthermore, the interaction between 

phosphorylated ITAM with BLNK recruits SYK and BTK, important components to couple 

BCR to distal signalling, dually phosphorylate phospholipase C gamma 2 (PLC-γ2) (134). 

Beside BCR activation, LYN mediates dephosphorylation of ITAM which contains two 

conserved tyrosine residues, a docking site for Src-homology 2 (SH2)-domain containing 

tyrosine phosphatase-1 (SHP-1) and SH2-domain-containing inositol 5’-phosphatase-1 and 

-2 (SHIP-1/-2), forming a negative feedback loop (137-139). Therefore, the strength of BCR 

transduction mediating phosphorylation and dephosphorylation is determined by LYN 

recruitment. LYN feedback loop regulation is controlled via upregulation of intracellular 

calcium (Ca2+) signalling through SYK-mediated activation of PLC-γ2, and degradation of 

phosphatidylinositol 3, 4, 5-triphosphate (PIP3) mediated by SHIP-1 and phosphatase and 

tensin homolog (PTEN) (140). Another important arm of the BCR signalosome is class IA 

PI3K subunits (p110δ) protein pathway (134). Activation of PI3K phosphorylates 

phosphatidylinositol biphosphate (PIP2) creating a second molecule PIP3, which acts as a 

docking hub for effector proteins including BTK, AKT and PLC-γ (134). PI3K protein has an 

important function for B-cell survival by inactivating pro-apoptotic factors including BCL2-

associated death promoter (BAD) and BCL-2-associated X protein (BAX) as well as Forkhead 

box protein O (FOXO) family of transcription factors and PTEN (140, 141). The 

phosphorylation of AKT also activates IkappaB kinase (IKK), inhibiting inhibitor of кB (IкB) 
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and subsequently positively regulates the nuclear factor NF-кB, promoting proliferation and 

survival of B-cell (142). PI3K plays an essential role in cell growth and cycle progression of 

B-cells through activation of AKT which is involved in protein expression, cell cycle and 

glycogen synthesis (143). BCR upon antigen binding give rise to these whole downstream 

signals which allow cell division, survival and prevent apoptosis (134). Therefore, signalling 

through BCR can directly promote survival of B-cells and prevent cell apoptosis.  

 

1.1.4.3 BCR signalling in CLL cells 

A hallmark characteristic among neoplastic B-cell malignancies is the sustained expression 

of BCR, and it is crucial for their development and persistence (144-146). Moreover, 

dysregulation of BCR signalling, often characterised by hyperactivation of BCR, is a common 

characteristic of B-cell malignancies, including CLL (147). Several studies have shown that 

CLL cells have the capacity to activate the BCR signalling pathways in an antigen-

independent cell-autonomous (self-activation) manner (127, 148). Moreover, cellular 

activation has been associated with CLL disease progression (149). A recent study by Ziegler, 

Kim (149) suggested that CLL cell heterogeneity is driven by dysfunctional BCR signalling, 

characterised by constitutive clustering and hyperactivation of downstream BCR kinases. 

This proposition of existence of a tonic BCR signal in CLL cells was supported by the 

presence of constitutive activated and overexpressed of downstream signalling kinases 

including LYN, SYK, PI3K and ERK (150-153). BCR-mediated autonomous signalling in CLL is 

driven by an intermolecular crosslink between an oncogenic HCDR3 domain and specific 

motifs located within the framework region 2 of the heavy chain (FR2) and framework 

region 2 of the heavy chain (FR3) domains of the Ig molecule (127). Additionally, 

autonomous signalling leads to increased Ca2+ signalling and upregulates the activity of BCR 

downstream signalling factors including BTK, SYK and PI3K (154). An in vivo mouse study, 

showed that loss of Igα subunit in CLL cells resulted in a complete loss of the diseased cells 

(155), highlighting the dependency of CLL cells on BCR signalling. The autonomous 

signalling capacity of BCR signalling is associated with the Ig stereotypy of IGHV and IGLV 

genes (156, 157). GEP data revealed that in vitro BCR stimulation with anti-IgM strongly 

upregulated SYK activation and BCR target gene expression in U-CLL compared with M-CLL 

cells (122). This is supported by CLL stereotypy which influences the capacity of BCR 

activation, as indicated by subset #1, 2 and 8 (Table 1.3), where these subsets are often 
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associated with U-CLL (51). Furthermore, ZAP-70 expression exclusively enhanced tonic BCR 

signalling in U-CLL, not M-CLL (158). Conversely, CLL cells lacking ZAP-70 often exhibit an 

anergic BCR (loss of BCR responsiveness) (159). A study by Sadras, Martin (160) indicated 

that ZAP-70 competes with SYK in BCR signalling, redirecting it from Ca2+-transcription 

factor nuclear factor of activated T cells (NFAT) signalling towards the activation of the PI3K 

signalling pathway. This redirection allows B-cell clones to escape the NFAT-induced anergic 

state, preventing negative selection that would eliminate self-reactive or pre-oncogenic B-

cells (160). Therefore, the expression of ZAP-70 in B-cells permits sustained signalling 

induced by self-reactive BCRs, helping malignant BCR-mediated B-cell conversion (160, 

161). These observations have shown the pivotal role of the BCR in CLL pathogenesis, with 

its dysfunctional signalling promoting tumour cell survival through hyperactivation of 

downstream kinases. Therefore, understanding the mechanisms underlying BCR activation 

in CLL is crucial for the development of targeted therapies. 

 

1.1.4.3.1 The PI3K signalling pathway 

This pathway regulates most the hallmarks of cancer, including cell cycle, survival, 

metabolism, motility, and genomic instability (162, 163). The PI3K signalling axis transduces 

signalling from the BCR, chemokine and adhesion receptors, promoting migration, 

development and survival as well as rearrangement of B-cell cytoskeletal (164, 165). Out of 

the four classes of PI3K protein, the four isoforms of class I are implicated in cancer, where 

PI3Kα (p110α) is often a genetic driver (166), and PI3Kβ (p110β) is implicated in 

tumorigenesis (167), while both PI3Kδ (p110δ) and PI3Kγ (p110γ) are the most expressed 

in lymphocytes (168). PI3Kδ is found to play a crucial role as second messenger of several 

cell receptors including BCR, CD40, interleukin-6 (IL-6) and chemokine receptor type 5 

(CXCR5), promoting cell survival proliferation, chemokine secretion, motility and adhesion 

to stromal cells (169-172). In B-cells, PI3Kδ is involved in migration, proliferation, survival 

and differentiation, which is frequently dysregulated in CLL and non-Hodgkin lymphoma 

(NHL) cells (168, 173). Moreover, PI3Kγ is involved in promoting growth, survival of 

lymphoid malignancies, specifically in response to chemokines (174, 175). Additionally, PI3K 

was reported to be constitutively active in freshly isolated PB-CLL cells (153). Therefore, the 

PI3K pathway has become the focus for novel targeted therapies including the approved 
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therapies of both idelalisib and duvelisib targeting PI3Kδ and PI3Kγ, respectively (described 

in section 1.1.6.3.2).  

PI3K is a group of plasma membrane-associated lipid kinases, acting as second messengers, 

recruiting cytoplasmic proteins to the cellular membrane (176, 177). In B-cells, the 

activation of PI3K is initiated by antigen-dependent and -independent BCR activation, 

enhanced by CD19, a B-cell surface co-receptor (153, 177). PI3K activation leads to 

phosphorylation of PIP2 into PIP3, a second messenger cytoplasmic-associated membrane 

that binds and recruits pleckstrin homology (PH)-domain containing effectors including 

phosphoinositide-dependent kinase-1 (PDK1), BTK, and AKT (142, 178). PIP3-mediated 

recruitment of AKT and PDK1 to the cell membrane activates cell survival and growth 

pathways (179, 180). This allows the dependent activation and phosphorylation of AKT by 

PDK1 at T308 (AKTT308) (179, 180). Although the activation of AKT on T308 is enough to drive 

downstream protein activations, additional phosphorylation sites is required to fully 

activate AKT (142). This second phosphorylation comes from mTOR complex-2 (mTORC2) 

which phosphorylates AKT at S473 (AKTS473), promoting maximal activation of AKT (181, 

182). The full activation of AKT is particularly important for the activation of FOXO 

transcription factors (182). Negative regulation of the PI3K signalling pathway involves PTEN 

dephosphorylation of PIP3 to PIP2, leading to the reduction of activated downstream 

kinases (183).  

The members of the AKT sub-family of AGC serine/threonine kinases including AKT1, AKT2, 

and AKT3, are considered universal downstream effectors of PI3K signalling (142). AKT 

phosphorylation levels often serve as a surrogate marker for PI3K activation (142, 178). 

Mutations in the AKT PH-domain, commonly observed in cancers, promote its membrane 

localisation, emphasising its critical role in PI3K-driven oncogenic signalling (184). The FOXO 

transcription factors are substrates of AKT, where AKT-mediated phosphorylation of FOXO 

suppresses their transcriptional activity, leading to nuclear export and degradation (185). 

Furthermore, AKT is involved in growth factor signalling including insulin receptor homolog 

(Dauer formation-2; DAF-2) (142, 178). In Caenorhabditis elegans, AKT function 

downstream of the insulin receptor and PI3K (AGE1) to suppress the FOXO transcription 

factor DAF-16 (186). Similarly, in mammalian cells, insulin-induced AKT activation 

suppresses FOXO activity (178). AKT regulates various cellular processes, including survival, 

proliferation, metabolism, and motility (142). Its role in B-cell development is highlighted 
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by the reduced B-cell numbers in the marginal zone (MZ) following AKT1 and AKT2 deletion 

(187). Conversely, Forkhead box protein O1 (FOXO1) deletion increases MZ B-cells (188), 

emphasising the opposing roles of AKT and FOXO. The influence of AKT extends to B-cell 

differentiation and development. Class switching, a process requiring AID expression, is 

regulated by the interplay between PI3K/AKT signalling and FOXO activity (177, 189). While 

PI3K/AKT activation suppresses class switching, FOXO promotes it (189, 190). Additionally, 

loss of PTEN leads to suppression of class switching through upregulation of PI3K signalling 

(190). Conversely, constitutively active FOXO1 or AID can restore class switching (189, 190). 

Similarly, blocking AKT or mTORC2 activation leads to class switching in a FOXO-dependent 

manner (191). Therefore, the balance between PI3K/AKT/mammalian target of rapamycin 

(mTOR) signalling is crucial for maintaining cellular homeostasis (178). In CLL cells, inhibition 

of AKT induces apoptosis through MCL1 degradation and p53 activation (192). Additionally, 

CLL cells resistant to apoptosis are associated with chemokines including CXC chemokine 

ligand 12 (CXCL12), CC chemokine ligand 21 (CCL21), CC chemokine ligand 19 (CCL19), and 

CXC chemokine ligand 13 (CXCL13), which promote cell survival by enhancing PI3K/AKT 

signalling and subsequently inactivating Forkhead box protein O3a (FOXO3a) proapoptotic 

activity (193). Interestingly, resistance to PI3K/mTOR inhibitors can occur through a 

"rebound" mechanism involving the upregulation of rapamycin-insensitive companion of 

TOR (RICTOR), a component of mTORC2, and subsequent AKT activation, leading to FOXO 

inactivation (178, 194). AKT, as a central effector of PI3K signalling, plays an important role 

in diverse cellular processes, including cell survival, proliferation, and differentiation of 

normal B-cells and CLL cells. Its dysregulation contributes to CLL pathogenesis, making this 

pathway a promising therapeutic target. 

 

1.1.4.3.2 BTK activation downstream the BCR signalling pathway 

BTK, a member of the TEC family of kinases, is an important downstream effector of PI3K in 

lymphocytes (178, 195). Upon BCR engagement, PI3K is activated, generating PIP3 (178). 

The selective PH-domain of BTK binds to PIP3, leading to its activation and subsequent 

activation of PLCγ2 (178, 195). PLCγ2 activation triggers downstream signalling pathways, 

including MAPK pathway and the activation of NFAT (196). The maximal signalling output 

within the BCR signalling pathway requires the activation of both PI3K and BTK (197, 198). 

The interdependence of PI3K and BTK is further supported by genetic studies. Loss of BTK 
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gene or mutations effecting the BTK PH-domain, leading to X-linked agammaglobulinemia 

(XLA), and deletions in the phosphatidylinositol 3-kinase catalytic subunit delta (PIK3CD) 

gene (encoding PI3Kδ) result in similar immunodeficiency phenotypes (178, 199), 

highlighting their joint role in B-cell development and function. Beyond BCR signalling, PI3K 

and BTK are also downstream effectors of CD40 and chemokine receptors (178, 200). 

Activation of these receptors by their respective ligands promotes PI3K and BTK activation, 

leading to cell migration towards survival factors such as B-cell activating factor (BAFF) and 

increased adhesion to supportive cells within the TME (178). Conversely, inhibiting PI3K or 

BTK results in rapid LN shrinkage due to impaired chemokine-dependent homing and 

reduced cell retention within LN niches (123, 178). These findings collectively demonstrate 

the promising anti-tumour effects of targeting BTK in CLL by disrupting critical signalling 

pathways essential for CLL cell survival and proliferation. 

 

Figure 1.3: The BCR signalling pathway (modified from (51, 142, 177)). 
 

1.1.5 CLL tumour microenvironment 

The pathogenesis of CLL cells depends on survival signals provided through interaction with 

supportive non-neoplastic cells together with matrix factors within the so-called TME (2, 

201). The proliferation of CLL cells take place in a distinct tissue area termed pseudofollicles 

or proliferation centres by interacting with accessory cells including NLC, mesenchymal 

stromal cells and T cells (202-205) (Figure 1.4), with these factors combined creating 
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supportive microenvironment for the survival of CLL and promoting drug resistance. 

Furthermore, the principal site of BCR activation of normal as well as CLL cells is the 

lymphatic tissues (132, 201). Once CLL cells enter the lymphoid tissue, they engage with 

TME accessory cells, triggering BCR signalling that promotes resistance to cytotoxic agents 

(2, 122, 206). Gene expression profiling (GEP) data underscores the importance of BCR 

signalling for CLL cells, highlighting it as the most modulated pathway (122). The GEP data 

also illustrated that the expression of cellular MYC (cMYC), a transcription factor involved 

in lymphomagenesis and G1/S transition, and E2F transcription factor 1 (E2F1) were 

upregulated in the LN, which together promote proliferation of CLL cells (122, 207). 

Interestingly, the response to this crosstalk within the TME varies depending on factors 

including CD38 levels, NOTCH1 mutations, and IGHV mutational status (122). Of note, the 

study demonstrated that LN-resident U-CLL displays a stronger expression of BCR targets 

compared M-CLL (122), potentially due to U-CLL BCR polyreactive characteristic and its 

recognition of autoantigens presented in the TME (208). Several key players within the TME 

contribute to BCR activation and CLL survival (206). The interaction between NLCs and CLL 

cells leads to BCR activation (209). Furthermore, NLCs play a crucial role by interacting with 

CLL cells mediated by CD31 on NLCs and CD38 on CLL surfaces (210), providing survival 

signals through tumour necrosis factor (TNF) family members BAFF and A proliferation-

inducing ligand (APRIL), which bind to corresponding receptors B-cell maturation antigen 

(BCMA), transmembrane activator of TNF family (TACI), and B-cell activating factor receptor 

(BAFFR) on CLL cells (211). This interaction leads to activation of NF-κB pathway, which 

enhances the activation and signalling of BCR through induction of miR-155 (212, 213). This 

induction downregulates the expression of phosphatidylinositol 5-phosphatase 1 domain-

containing protein 5 (INPP5D), a gene encoding SHIP-1, a negative regulator of BCR 

signalling (213). Adding to this supportive TME, stromal cells and NLCs also express anti-

apoptotic factors, further contributing to CLL cell survival within the TME (132, 214). In vitro 

studies have shown that CLL cells were protected from spontaneous apoptosis through 

stimulation with soluble CD40 and interleukin-4 (IL-4) and co-culturing with stromal cells 

and NLCs (209, 215, 216). T cells secrete IL-4, which upregulates surface IgM on CLL cells, 

facilitating their interaction with autoantigens (217). Additionally, CD40 ligand (CD40L; 

CD154) on T cells interact with CD40 on CLL cells, activating NF-κB, leading to the production 

of anti-apoptotic proteins including B-cell lymphoma-extra-large (BCL-XL) and MCL1 (201, 

218). This interaction also upregulates TP63, promoting CLL cell migration into the 
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supportive TME (219). CLL trafficking between SLOs and PB is regulated by the expression 

of chemokines including CXCL12 and CXCL13 secreted by stromal cells as well as C-X-C 

chemokine receptor type 4 (CXCR4) and CXCR5 which are expressed by B-cells (220, 221). 

CLL cells are not passive actors in shaping their environment. They actively contribute by 

expressing chemokines including CC chemokine ligand 3 (CCL3) and CC chemokine ligand 4 

(CCL4) upon BCR stimulation (209). Additionally, they can express CC chemokine ligand 22 

(CCL22) and interleukin-8 (IL-8), leading to the mobilisation of T cells and monocytes to the 

site of CLL cells (132). This suggests that CLL cells seek the support of the TME by actively 

engaged in a complex crosstalk, leading to favourable conditions promoting disease 

progression and protection from cytotoxic agents.  

Disrupting this supportive TME shows promise for therapeutic strategies. Pre-clinical 

studies have demonstrated the effectiveness of BCR inhibition in disrupting the TME by 

inhibiting key survival pathways including NF-κB, PI3K, and cMYC (122, 173, 222). 

Additionally, BCR inhibition can reduce T cell secreted cytokines including IL-6, interleukin-

10 (IL-10), and TNF-α, further weakening the TME support for CLL cells (173). Moreover, 

inhibition of the BCR pathway by Ibrutinib treatment interferes with the TNF family 

members CD40L and BAFF (222), NLC-secreted survival signals (CCL3 and CCL4) (223), 

cytosine-phosphate-guanine (CpG)-induced CLL cell proliferation (222), and BCR-induced 

adhesion to the extracellular matrix component fibronectin and the vascular cell adhesion 

molecule 1 (VCAM-1), which is activated by integrin α4β1, leading to suppression of CLL cell 

migration towards CXCL12 and CXCL13 chemokines and apoptosis (223, 224). Similarly, 

idelalisib disrupts the TME by suppressing migration, abrogating BCR and NLC survival 

signals, and suppressing chemokine secretion (173, 225). The TME plays an important role 

in CLL pathogenesis by influencing BCR signalling and promoting CLL cell survival, 

proliferation, and drug resistance. Therefore, understanding the interaction mechanism of 

CLL-BCR with TME could potentially identify new target molecules and leads to 

development of novel and effective therapeutic strategies for CLL. 
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Figure 1.4: CLL interaction with accessory cells in its TME (Modified from (2)). 
 

1.1.5.1 In vitro CLL-TME modelling of BCR stimulation 

The mutational status of IGHV and ZAP-70 expression are established prognostic biomarkers 

in CLL (46, 54, 114, 226), which both enhance BCR signalling capacity, highlighting the BCR 

important role in CLL pathogenesis including cell survival, proliferation, and drug resistance 

(227). Therefore, mimicking BCR stimulation of CLL cells within their TME has become a 

valuable modelling system for studying BCR-mediated pathogenesis of CLL disease. 

Traditionally, anti-Ig antibodies and bacterial fragments including Staphylococcus aureus 

Cowan strain were employed to stimulate BCR signalling in B-cells (228). However, several 

studies have shown that the BCR pathway can be stimulated using anti-human IgG F(ab')2 

fragments (229, 230). This approach effectively stimulates the BCR pathway, promoting CLL 

cell survival by increasing the expression of key proteins: NF-κB, PI3K, anti-apoptotic 

proteins, and ERK1/2-MAPK (229, 230). Moreover, the GEP data further strengthens this 

model validity by demonstrating markers similarity between isolated CLL from LN and PB-

CLL cells stimulated with anti-IgM (122). Additional, alternative models for BCR signalling 
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stimulation have been explored, including co-culture with NLCs and stimulation with 

vimentin, a stromal cell-derived factor (209, 231). Since the BCR is the most highly regulated 

pathway in CLL cells isolated from LN, these model systems are valuable tools for studying 

novel therapeutic agents. While other model systems exist to mimic the CLL-TME, including 

CD40/CD40L interaction, stromal cell contact, Toll-like receptor (TLR) signalling, and 

interleukin/chemokine interactions (extensively reviewed (232)) as well as three-

dimensional co-culture model (233), they fall outside the scope of this thesis. 

 

1.1.6 CLL treatment 

Around 50% of newly CLL patients have asymptomatic and low-risk disease. This translates 

to only 8% of these patients requiring treatment within five years of diagnosis (123, 234). 

In fact, nearly 30% of CLL patients may never require treatment throughout their lifetime 

(123). Additionally, CLL7 and CLL12 trials demonstrated no evidence of improved survival 

benefit for treating asymptomatic CLL (235, 236) (Table 1.6). However, CLL patients with  

Trial Treatment Patient cohort Outcome 

CLL4 F vs FC Treatment 
naïve, Binet C 
or B/A, 
symptomatic 

FC has a better ORR, PFS, and adverse effects 
compared to F alone, while OS was similar 
between the combination and monotherapy 
(237) 

CLL7 FCR vs watch 
and wait 

Binet A, high-
risk treatment 
naïve 

Early treatment with FCR therapy provided 
no evidence of survival benefit for patients 
(235)  

CLL8 FC vs FCR Treatment 
naïve  

FCR induced long-term remission and 
improvement in OS in, particularly in 
patients with mutated IGHV (107) 

CLL10 FCR vs BR Treatment 
naïve  

FCR therapy more suited for fit patients, 
while BR was associated with less toxic 
effects (238) 

CLL11 CIB vs RCIB vs 
GCIB 

Treatment 
naïve, high risk  

The GCIB combination of anti-CD20 with 
chemotherapy demonstrated superior 
improvement in CLL patients with coexisting 
conditions compared to RCIB or CIB alone 
(239) 

CLL12 Ibrutinib vs 
wait and watch 

Treatment 
naïve, Binet A, 
asymptomatic  

Early treatment with ibrutinib provided no 
justification to change the current standard 
of watch and wait (236) 

Table 1.6: The German CLL study trials.  
F; fludarabine, FCR; fludarabine, cyclophosphamide, and rituximab, FC; fludarabine and 
cyclophosphamide, BR; bendamustine and rituximab, CIB; chlorambucil, GCIB; obinutuzumab and 
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chlorambucil, RCIB; rituximab and chlorambucil, PFS; progression free survival, ORR; overall 
response rate. 

 

symptoms including anaemia, cytopenia, lymphadenopathy, hepatosplenomegaly, and 

recurrent infections sign of progressive disease and require treatment (37). While CLL is not 

currently curable, there are treatment options available including chemotherapy, CIT 

(combining chemotherapy with immunotherapy), and more recent targeted therapies that 

specifically target the BCR signalling pathway or BCL-2 proteins (236). 

 

1.1.6.1 Chemotherapy 

Prior to the approval of targeted therapies for CLL, chemotherapy treatment was the gold 

standard for several decades (44). The chemotherapy regiments consisted of purine 

nucleoside analogues (fludarabine, petostatin, and cladribine), alkylating agents 

(chlorambucil, cyclophosphamide or bendamustine), and glucocorticoids (2, 123, 240-242). 

Among purine nucleoside analogues, fludarabine is the most well-studied chemotherapy 

drug for CLL (38). Fludarabine displays higher overall response rates (ORRs) and complete 

response (CR) rates compared to alkylating agents and corticosteroids (243-245). 

Furthermore, the CLL4 trial investigated the combination of fludarabine and 

cyclophosphamide (FC) for fit patients with advanced CLL (Table 1.6) (237). This study 

showed that FC resulted in a significantly longer PFS at 5 years (36%) compared to single 

agent fludarabine or chlorambucil (10%) (237). Additionally, FC was superior for older 

patients (>70 years old) across various prognostic groups (237). Notably, FC was associated 

with a lower incidence of haemolytic anaemia (5%) compared to fludarabine (11%) or 

chlorambucil (12%) (237). The success of FC combination therapy paved the way for new 

treatment strategies, leading to the development of FC combined with anti-CD20 

monoclonal antibody (mAb) immunotherapy, such as rituximab (107). The CLL8 trial 

established this combination as standard therapy for CLL (107). 

 

1.1.6.2 Chemoimmunotherapy 

CD20 is a protein found on the surface of mature B-cells (38) (Figure 1.5). While its function 

is still being investigated, it is suspected to act as a calcium channel in the cell membrane 
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(234). The randomised phase 3 (COMPLEMENT 1) trial showed that the addition of anti-

CD20 mAbs to chemotherapy has significantly prolonged the survival rates of CLL patients 

(246) (Figure 1.5). Treatment decisions are based on factors including age, coexisting 

comorbidities, and the advancement of the disease (247, 248). For fit younger patients, 

patients are commonly treated with intensive CIT, and receive a combination therapy of 

fludarabine, cyclophosphamide, and rituximab (FCR) (80, 249). However, for elderly 

patients, a combination of bendamustine and rituximab (BR) is used (238, 250). 

Additionally, for elderly patients with coexisting comorbidities (in cases where an aggressive 

treatment is not suitable), chlorambucil combined with obinutuzumab is an option (239, 

246). The median PFS after 5 years for these regimens is 56.8 months for FCR, 41.7 months 

for BR and 29.2 months for chlorambucil/obinutuzumab (80, 238, 239). The duration of 

remission after treatment can vary depending on the patient risk profile (107, 251). Patients 

with lower-risk CLL found to experience longer remission with FCR (251). Conversely, 

patients with higher-risk disease, particularly those with specific chromosomal deletions 

(del(17p) or del(11q)), experience shorter PFS (107). Of note, CLL10 trial showed there is a 

7% risk of developing secondary myeloid malignancies within a median follow-up of 58 

months in patients receiving FCR (Table 1.6) (252). Interestingly, research suggests that 

patients with M-CLL without del(17p) or del(11q) deletions respond better to FCR treatment 

compared to patients with U-CLL and these chromosomal deletions (251). Clinical trials 

have confirmed the effectiveness of anti-CD20 therapy (107, 238, 246, 250). For instance, 

the CLL8 trial showed that patients receiving FCR achieved higher response rates and longer 

PFS compared to patients receiving FC alone (80, 107). Additionally, the CLL11 trial 

demonstrated that single-agent anti-CD20 antibodies (rituximab or obinutuzumab) offered 

improved response rates and longer median PFS (11.1 and 26.7 months, respectively) 

compared to chlorambucil alone (Table 1.6) (239). Combination of chlorambucil and 

ofatumumab also showed superiority in median PFS (22.2 months) compared to 

chlorambucil alone (13.1 months) (246). However, the lower effectiveness of both FCR and 

FC in treating patients with U-CLL, del(17p), and del(11q) highlights the need for novel 

therapies for this subgroup of CLL patients with a more aggressive disease course. 
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Figure 1.5: Different therapeutic strategies for CLL (Modified from (123)). 
 

1.1.6.3 BCR inhibitors 

The BCR signalling is a crucial pathogenic pathway promoting the survival and proliferation 

of malignant B-cells (51, 206). Since the introduction of BCR signalling inhibitors which 

target proteins within the BCR pathway, specifically BTK and PI3K inhibitors (253) (Figure 

1.5), CIT has become less commonly used as primary therapy for CLL due to inferior efficacy 

(123). The effectiveness of BCR inhibitors may be linked to different aspects of the BCR 

pathway that are recognised as important prognostic factors in CLL including the mutation 

status or stereotypy of IGHV gene (38). The BCR pathway relies on the activity of several 

tyrosine kinases, including BTK, SYK, ZAP-70, Src family kinases (especially LYN), and PI3K 

(254). Deletion of LYN and BTK in murine CLL models indicated that these kinases may 

enable interaction between malignant B-cells and the TME (38, 255). Therefore, inhibiting 

the activity of these BCR associated kinases has revolutionised the treatment strategies for 

CLL by disrupting these survival mechanisms of CLL cells (38, 255, 256). This targeted 

approach has led to significant improvements in treatment outcomes (123). Compared to 

traditional CIT, BCR inhibitors have demonstrated superior response rates and more durable 
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remission (38, 123). Additionally, treatment with BCR inhibitors cause rapid shrinkage of 

enlarged LNs by increasing transient of CLL cells in PB which is known as “redistribution 

lymphocytosis" (38, 123). 

 

1.1.6.3.1 BTK inhibitors 

Ibrutinib (PCI-32765) is a small molecule inhibitor that targets BTK downstream the BCR 

signalling pathway in CLL (257, 258). It is administered orally and covalently binds to a 

cysteine residue at (C481) in the BTK protein (258). This binding irreversibly inhibits the 

enzymatic activity of BTK through high-affinity covalent binding to a cysteine residue (Cys-

481) in the active site of BTK (257, 258). Inhibition of BTK by ibrutinib disrupts multiple 

pathways critical for CLL cell survival (259, 260). A study has shown that ibrutinib induces 

apoptosis in CLL cells in the presence of exogenous stimuli including factors produced by 

immune cells (CD40L, BAFF, IL-4, IL-6, TNF-α) and components of the TME (fibronectin, 

stromal cells) (222). Importantly, ibrutinib is more selective for CLL cells, inducing higher 

levels of apoptosis in CLL compared to normal B-cells, while sparing T cells (222). 

Furthermore, ibrutinib blocks downstream signalling pathways activated by BCR, including 

PI3K, NF-κB, and ERK1/2, which are important for CLL cell survival and proliferation (222, 

260). A new in vitro study has shown that ibrutinib treatment reduces the ability of CLL cells 

to respond to chemokines (CCL19, CXCL12, and CXCL13) (259). Additionally, it reduces the 

levels of adhesion molecules (integrins Leukocyte function-associated antigen 1 (LFA-1), 

Leukocyte function-associated antigen 3 (LFA-3), B-T lymphocyte attenuator (BTLA), and 

CD276) on the surface of CLL cells, which are crucial for cell motility, adhesion, and 

migration (259). By affecting these processes, ibrutinib may disrupt the homing of CLL cells 

to LN and BM, where they typically reside and proliferate. Pre-clinical studies show that 

ibrutinib treatment sustainably downregulates BCR and NF-κB signalling pathways in CLL 

cells, reducing tumour burden in LN and BM (260), suppresses the expression of surface 

activation markers (CD69 and CD86), regardless of IGHV mutational status or the presence 

of del(17p) (260), and downregulates the production of inflammatory cytokine and 

signalling molecules including TNF-α/β, CCL3, CCL4, CC chemokine ligand (CCL17), and 

interleukin-16 (IL-16) in CLL patients (224, 260, 261). These findings suggest that ibrutinib 

works through multiple mechanisms to target CLL cells and their interaction with the TME.  
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Ibrutinib, a first-in-class BTK inhibitor (262), has revolutionised the treatment landscape for 

CLL. Clinical trials have consistently demonstrated its efficacy and safety across various 

prognostic groups. The initial trial of ibrutinib in patients with R/R CLL showed promising 

results (263). Treatment response was independent of traditional prognostic factors 

including advanced disease stage, prior treatment history, or the presence of the del(17p) 

(263, 264). Notably, patients who were treatment-naïve achieved a 7-year PFS rate of 83%, 

while those with R/R disease had a 7-year PFS rate of 34% (264). The RESONATE phase 3 

trial in previously treated CLL further solidified ibrutinib role in CLL treatment, where 

ibrutinib monotherapy demonstrated significantly higher PFS of 40% compared to 3% with 

ofatumumab at a 5-year follow-up (265). The RESONATE-2 phase 3 trial established ibrutinib 

as a viable first-line treatment option for CLL patients aged 65 years and older (266). This 

study showed a significant 7-year PFS rate of 59% and improved OS compared to 

chlorambucil (9%) (267). The Alliance trial also explored the effectiveness of ibrutinib in 

previously untreated older patients, comparing ibrutinib alone or combined with rituximab 

to BR, where both ibrutinib regimens resulted in longer PFS compared to BR (268).  

Interestingly, the addition of rituximab to ibrutinib did not significantly improve PFS 

compared to ibrutinib alone (268). Notably, the BR arm experienced a higher rate of 

haematological adverse events (61%) compared to ibrutinib alone (41%) and ibrutinib plus 

rituximab (39%) (268). The iLLUMINATE phase 3 trial evaluated ibrutinib plus obinutuzumab 

in both young and older patients with previously untreated CLL, and co-existing medical 

conditions (269). Compared to chlorambucil plus obinutuzumab, the ibrutinib combination 

achieved a significantly longer median PFS (79% vs. 35%) after a median follow-up of 30 

months (269). The E1912 phase 3 trial compared ibrutinib plus rituximab to the traditional 

FCR regimen, where ibrutinib plus rituximab offered superior PFS and OS compared to FCR 

(270). Notably, ibrutinib plus rituximab resulted in a higher PFS rate (90.7%) in patients with 

U-CLL compared to FCR (62.5%) at a 3-years follow-up (270). The SEQUOIA phase 3 trial 

compared zanubrutinib, a next-generation BTK inhibitor, to BR, where zanubrutinib 

demonstrated a superior PFS rate (85.5%) compared to BR (69.5%) at a 2-year follow-up 

(271). Similarly, the phase 3 ELEVATE-TN trial showed that patients treated with 

acalabrutinib (another next-generation BTK inhibitor) plus obinutuzumab or acalabrutinib 

alone achieved significantly higher PFS rates (87% and 78%, respectively) compared to 

chlorambucil plus obinutuzumab (25%) (272). These trials have led to the approval of 

ibrutinib, acalabrutinib, and zanubrutinib as the first-line treatment of CLL. Importantly, 
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these trials have also highlighted the benefits of BTK inhibitors for patients with adverse 

prognostic factors including TP53 aberration, which is presented in 10% of untreated CLL 

patients and associated with a poorer prognosis (107, 123). 

While ibrutinib has transformed CLL treatment, it is not without treatment complications. 

Approximately 23% of patients experience adverse events, including increased risk of 

bleeding, fatigue, diarrhoea, bruising, rash, arthralgia, myalgia, high blood pressure, and 

atrial fibrillation, leading to treatment discontinuation (2, 265, 267, 273). The first trial 

comparing acalabrutinib to ibrutinib in previously treated CLL patients harbouring del(17p) 

or del(11q) showed lower treatment discontinuations with acalabrutinib (14.7%) compared 

with ibrutinib (21.3%) (274). This infrequent occurrence of the adverse events with 

acalabrutinib is due to its superior selectivity to inhibit BTK (275, 276). Similarly, the ALPINE 

trial compared zanubrutinib to ibrutinib in patients with R/R CLL who had received at least 

one prior therapy (29). At a 2-year follow-up, the trial showed zanubrutinib superiority over 

ibrutinib with better PFS (78.4% vs. 65.9%, respectively) and OS (29). Additionally, 

zanubrutinib caused fewer adverse events leading to treatment discontinuation (29). These 

findings highlight the potential of next-generation BTK inhibitors including acalabrutinib 

and zanubrutinib, with improved selectivity for BTK translating into better tolerability. In 

progressive CLL disease, the development of resistance mechanisms under ibrutinib 

treatment is often associated with the acquisition of sequence variations in the BTK active 

site (C481S) or gain-of-function variations in the downstream gene phospholipase C gamma 

2 (PLCG2) in approximately 66-80% of patients (123, 277, 278). Pirtobrutinib, a non-

covalent, reversible, highly selective BTK inhibitor is a promising BTK inhibitor for patients 

who develop resistance to ibrutinib due to mutations in the BTK active site (C481S) (279, 

280). Early data from phase 1/2 BRUIN study in R/R CLL patients who previously received 

BTK inhibitors suggest promising results with a lower incidence of known BTK inhibitors-

related adverse events (280, 281). 

 

1.1.6.3.2 PI3K inhibitor 

PI3K has an important role in regulating many aspects of cellular biology and is frequently 

hyperactivated in cancers (163, 282). The PI3K family of proteins exhibits multifunctional 

roles regulating cellular growth, differentiation, metabolism, motility, and intracellular 

trafficking (282). With three classes of PI3K (I, II, and II), where class I is associated with 
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proliferation and survival of malignant B-cells (283, 284). The class I PI3K consists of four 

isoforms including α, β, δ, and γ (284). The constitutive activation of the PI3K pathway is 

dependent on class I PI3K p110 isoform (PI3Kδ) (283), leading to dysregulation of cell-cycle 

progression and survival (285). The PI3K pathway can be targeted by idelalisib (CAL-101), a 

selective inhibitor for PI3Kδ and duvelisib (IPI-145), a dual selective inhibitor for both PI3Kδ 

and PI3Kγ (286, 287). Pre-clinical studies showed idelalisib inhibition of PI3K promotes 

apoptosis, inhibits cellular migration towards signalling molecules including CXCL12 and 

CXCL13, reduces survival signals including BCR-induced AKT (known as PKB) 

phosphorylation and ERK activation in primary CLL cells (225). A phase 3 clinical trial 

demonstrated the effectiveness of idelalisib in combination with rituximab for patients with 

R/R CLL (288). This combination therapy significantly improved PFS compared to placebo 

plus rituximab, with a PFS rate of 93% at 24 weeks (288). The idelalisib arm also improved 

OS (288). Therefore, the combination of idelalisib and rituximab has been approved for the 

treatment of R/R CLL (289). However, patients receiving idelalisib treatment should be 

observed for idelalisib adverse effects including transaminitis, pneumonitis and colitis, 

which are often severe and require discontinuation of the therapy (290). Additionally, 

idelalisib is not recommended as first line therapy for CLL due to treatment association with 

grade 3 or higher elevations in liver enzymes (123, 291). Duvelisib shares a similar safety 

profile with idelalisib (292). It was approved for CLL patients who have received at least two 

prior therapies (38, 292). Lastly, umbralisib, a dual inhibitor, targeting both PI3Kδ and casein 

kinase 1 epsilon (CK1ε), represents a promising new generation of PI3K inhibitors for CLL 

treatment (293). A phase 1/1b study has shown encouraging results for umbralisib in 

combination with ibrutinib in R/R CLL (294). While umbralisib overall toxicity profile 

resembles idelalisib, it was associated with lower incidence of transaminitis or diarrhoea 

(38, 295). 

 

1.1.6.3.3. Additional BCR inhibitors 

SYK is another attractive target downstream of the BCR signalling pathway as it is involved 

in the initial step of signal transduction of the pathway (296). Entospletinib (GS-9073) is an 

adenosine triphosphate (ATP) competitive inhibitor of SYK (297). Pharmacodynamic 

analysis showed that entospletinib treatment rapidly reduces the phosphorylation of signal 

transducer and activator of transcription 3 (STAT3), a protein involved in cell proliferation 
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and survival, and expression of anti-apoptotic MCL1 protein (298). A phase 2 clinical trial 

examined entospletinib as a monotherapy for patients with R/R CLL (299). This study 

showed promising results, with a median PFS of 13.8 months and an ORR of 61% (299). 

However, 29% of patients experienced serious adverse events, including dyspnoea, 

pneumonia, febrile neutropenia, dehydration, and pyrexia (299). A phase 1/2 study 

explored the use of entospletinib in combination with obinutuzumab for R/R CLL patients 

(298). This study demonstrated encouraging an ORR, with a 53% rate in high-risk patients 

and a 62.5% rate in patients who had previously received a kinase inhibitor treatment (298). 

While entospletinib plus obinutuzumab shows promise results, 96% showed treatment-

related adverse events including 65% grade 3 or higher and one patient discontinued the 

therapy (298).  

 

1.1.6.4 BCL-2 inhibitor 

BCL-2 family plays a critical role in regulating the intrinsic or mitochondrial pathway of 

apoptosis (300). This family consists of 18 proteins that share structural similarities known 

as BCL-2 homology (BH) domains (301). BCL-2 proteins are categorised based on their 

structure and function into three main groups, anti-apoptotic proteins (BCL-2, BCL-XL, 

MCL1, BCL-2-related protein A1 (BCL-2A1), and BCL-B) promote cell survival, pro-apoptotic 

multidomain proteins (BAX and BCL-2 antagonist killer 1 (BAK)) directly trigger apoptosis, 

and pro-apoptotic BH3-only proteins (BCL-2-interacting mediator of cell death (BIM), BCL-

2-binding component 3 (PUMA), phorbol-12-myristate-13-acetate-induced protein 1 

(NOXA), and Harakiri (HRK)) indirectly trigger apoptosis through neutralising the anti-

apoptotic proteins (301). The balance between anti-apoptotic and BH3-only proteins 

determines the cell fate – survival or death, which is controlled through protein-protein 

interactions (302). Anti-apoptotic proteins possess a hydrophobic groove on their surface 

serves as a binding site for the α-helical BH3 domain present in pro-apoptotic proteins 

(303). When bound, the BH3-only proteins neutralise the anti-apoptotic proteins, 

permitting apoptosis to proceed (303). BH3 mimetics are small molecule drugs designed to 

mimic the BH3 domain of pro-apoptotic proteins (300) (Figure 1.5). These drugs directly 

bind to the hydrophobic groove of anti-apoptotic BCL-2 proteins, neutralising their survival-

promoting function (301). Interestingly, CLL cells are characterised by high expression levels 

of anti-apoptotic BCL-2 proteins (304, 305). This overexpression contributes to the chronic 
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survival of CLL cells and their resistance to cell death signals (304, 305). Therefore, targeting 

the BCL-2 family with BH3 mimetics has shown promising therapeutic benefits for CLL. 

Venetoclax (ABT-199) is a highly selective small molecule that acts as a BH3 mimetic to 

inhibit BCL-2 (306). Several clinical trials have established venetoclax as frontline therapy 

for CLL, particularly in R/R CLL (123). A phase 1 study evaluated the safety and efficacy of 

venetoclax monotherapy in R/R CLL patients (307). The study demonstrated a promising 

median PFS of 30.2 months (307). Notably, patients with a favourable mutational profile, 

no prior resistance to BCR inhibitors, and no bulky lymphadenopathy experienced the most 

durable benefits (307). Furthermore, the MURANO phase 3 trial compared venetoclax plus 

to BR in R/R CLL patients (308). Patients received venetoclax for two years, with rituximab 

administered for the first six months (308). The venetoclax combination arm achieved a 

significantly longer time to next treatment or death, with a median of 63 months compared 

to 24 months with BR (308). Moreover, the CLL14 phase 3 trial assessed the effectiveness 

of fixed-duration venetoclax plus obinutuzumab compared with chlorambucil plus 

obinutuzumab in treatment-naïve elderly CLL patients (309). Patients received 12 cycles of 

venetoclax and obinutuzumab compared to chlorambucil plus obinutuzumab (309). At 

three months after treatment completion, 40% of patients on the venetoclax arm achieved 

undetectable minimal residual disease (uMRD) compared to only 7% in the chlorambucil 

arm (309).  Furthermore, the venetoclax combination significantly improved PFS, with a rate 

of 74% at the 4-year follow-up compared to 35.4% for the chlorambucil arm (309). Based 

on these successful trials, venetoclax combined with anti-CD20 antibodies has been 

approved as a first-line therapy for R/R CLL (123). Interestingly, a phase 2 trial explored the 

use of a fixed-duration combination of ibrutinib plus venetoclax in elderly CLL patients with 

poor prognostic features (310, 311). The combination achieved a high rate of BM uMRD 

(75%) independently of the prognostic factors, with a PFS of 93% at the 3-year follow-up 

(311). Despite venetoclax efficacy, resistance has been reported including mutations in BCL-

2 (Gly101Val) that reduce venetoclax binding, overexpression of pro-survival proteins 

including BCL-XL and MCL1, and the emergence of clones with CKs (312, 313). The CLL14 

and ELEVATE TN studies showed favourable PFS with BTK inhibitors for patients with TP53 

aberrations compared to venetoclax plus obinutuzumab (4-year PFS of 76% vs 3-year PFS 

of 60.4%, respectively) (123, 272). However, a direct comparison between BTK inhibitors as 

monotherapy and venetoclax combinations is lacking. The ongoing CLL17 trial, comparing 

ibrutinib monotherapy to fixed-duration venetoclax plus obinutuzumab or fixed-duration 
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ibrutinib plus venetoclax, aims to further evaluate the effectiveness of BTK inhibitors 

compared with venetoclax combinations in CLL patients with poor prognoses, including 

those with TP53 mutations (ClinicalTrials.gov ID: NCT04608318).  

 

1.1.6.5 Cellular therapies 

Allogeneic HSC transplantation has been considered a potential curative option for younger, 

fit CLL patients with high-risk features including del(17p), TP53 mutations, or CK, especially 

those who have relapsed after prior lines of therapy (2, 314). However, several factors limit 

the applicability of allogeneic HSC transplantation, including the older age of the majority 

of CLL patients, the need for a suitable donor, and the increased risk of infections following 

transplantation, all of which pose significant challenges (2). 

Chimeric antigen receptor (CAR) T-cell therapy represents another cellular therapy 

approach for CLL. While CAR T-cell therapy has demonstrated remarkable success in other 

B-cell malignancies (315-317), its efficacy in CLL has been modest, with low response rates 

and short remissions (318, 319). However, a study combining ibrutinib with CAR T cells (at 

a 1:1 ratio of CD4 and CD8 cells) in patients with R/R CLL demonstrated promising outcomes 

(320). This study achieved a more durable remission with uMRD in BM in 61%, OS of 86% 

and PFS of 59% at 1-year follow-up (320). A phase 1/2 TRANSCEND CLL 004 study evaluating 

the lisocabtagene maraleucel (liso-cel) CD19-directed CAR T cells as monotherapy for R/R 

CLL patients with high-risk features who received at least two prior lines of therapy 

including BTK inhibitors and venetoclax based regimens (321, 322). This therapy has shown 

durable complete remissions, high rates of uMRD (63.3% in PB and 59.2% in BM), and a 

manageable safety profile (322). This trial led to the first Food and Drug Administration 

(FDA) approval of CD19 CAR T cells therapy for R/R CLL patients (323). The ongoing studies 

are delivering encouraging findings and providing alternative therapeutical strategies for 

the unmet need to treat high risk naïve or R/R CLL patients. 

 

1.1.7 FOXO transcription factors 

The progression of malignant cells is driven by two hallmarks of cancer: sustained 

proliferative signalling and the ability to evade growth suppression (324). To achieve 

continuous growth, these cells often manipulate components of growth factor receptor 
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(GFR) signalling pathways (324). The PI3K/AKT pathway, activated downstream of GFR 

signalling, is frequently hyperactivated in cancer, promoting cell survival and proliferation 

(325). FOXO transcription factors, key components downstream of the PI3K/AKT pathway, 

are negatively regulated to promote the survival and proliferation of malignant cells (326). 

FOXO transcription factors belong to the Forkhead box (FOX) family, a large group of 

transcription factors sharing a conserved winged-helix DNA binding domain (327). With 50 

FOX proteins identified in the human genome, FOX proteins are classified by their tissue 

specific expression and sequence homology within the winged-helix DNA domain (327). 

FOXO transcription factors are consisted of four members, including FOXO1, FOXO3a, 

Forkhead box protein O4 (FOXO4), and Forkhead box protein O6 (FOXO6) (327). The FOXO 

family members shares a highly conserved transcription factors domain which binds to their 

target genes as monomers or heterodimers and recognises the DNA consensus sequence 

(5’-GTAAA(C/T)A-3’) in the genome (327, 328). FOXO proteins are expressed in distinct 

tissues, where FOXO1 is highly expressed in adipose tissue, FOXO3 in the brain, kidney, and 

heart, FOXO4 in skeletal muscle, and FOXO6 in nervous tissues (329, 330). Despite tissue-

specific expression, FOXO proteins share regulatory overlapping and functional redundancy 

(331). FOXOs activity is regulated mainly by external stimuli including growth factor 

signalling and cellular stress (elevated reactive oxygen species (ROS) levels, nutrient 

starvation and DNA damage), through post-translational modifications which affect their 

protein stability, protein-protein interaction, subcellular localisation and transcriptional 

activity (332, 333). The most studied post-translational modification of FOXOs is regulation 

via phosphorylation at different conserved serine and threonine amino acids residues (334). 

Beside phosphorylation, FOXOs are regulated in response to external stimuli by multiple 

layers of post-translational modifications including acetylation, methylation, ubiquitination 

and deubiquitination (335). FOXO proteins are important for maintaining cellular 

homeostasis by regulating various processes, including apoptosis, cell cycle inhibition, 

metabolism, stress resistance, DNA repair, inflammation, immune response, and 

differentiation (336). This section primarily focuses on FOXO post-translational 

modifications, including phosphorylation, ubiquitination, and deubiquitination. The 

regulation of FOXO proteins by acetylation and methylation, while important, falls outside 

the scope of this thesis. 
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1.1.7.1 AKT-mediated phosphorylation of FOXOs 

The PI3K/AKT signalling pathway is often dysregulated in cancer, resulting in AKT activation 

and subsequently inhibition of FOXO activity by altering its nuclear-cytoplasmic subcellular 

localisation (337). The subcellular distribution of FOXO proteins is regulated by nuclear 

export signal (NES) and a nuclear localisation signal (NLS) domain, enabling the shuttling of 

FOXO proteins between the nucleus and cytoplasm (338). The structure of FOXO consists of 

an N-terminal Forkhead DNA binding domain (DBD), NES and NLS domain proximal to the 

C-terminal (Figure 1.6a). Upon activation of PI3K/AKT signalling, AKT phosphorylates 

FOXO1, FOXO3, and FOXO4 at three conserved RxRxxS/T residues, except for FOXO6, lacking 

one of AKT phosphorylation sites, reducing its sensitivity to AKT-mediated inactivation (336, 

339, 340). Additionally, AKT triggers phosphorylation of FOXOs at three serine/threonine 

sites of FOXO1 (T24, S256 and S319), FOXO3 (T32, S253 and S315), and FOXO4 (T28, S193 

and S258), while FOXO6 at two sites (T26 and S184) (339). AKT-mediated phosphorylation 

of nuclear FOXOs creates a docking site for chaperone protein 14-3-3, masking the NLS and 

revealing NES of nuclear FOXOs to block FOXOs nuclear entry and promote nuclear export 

(336) (Figure 1.6b). Furthermore, Zhang, Gan (341) reported that AKT-mediated  

 

Figure 1.6: AKT-mediated regulation of FOXO family members target genes (modified 
from (142)).   
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phosphorylation of FOXO1 (S256) reduces its DNA-binding activity. Conversely, 

dephosphorylation of FOXOs leads to nuclear accumulation, which can occur upon loss of 

GFR signalling, promoting dephosphorylation of PIP3 by PTEN and subsequently reducing 

the activation of PI3K/AKT signalling (326, 342). Dephosphorylation of FOXOs is mediated 

by protein phosphatase 2A (PP2A), which generally works independently of the 

phosphorylation residue (343). In addition to AKT-mediated inactivation of FOXOs, serum 

and glucocorticoid-regulated kinase (SGK), ERK, P38, cyclin dependent kinase 1/2 (CDK1/2), 

casein kinase (CK1), and IKK can promote FOXOs inactivation, while kinases including AMP 

kinase (AMPK), c-jun terminal kinase (JNK) and mammalian sterile 20-like kinase (MST1) 

can promote FOXOs activity, with each kinase recognising a specific motif within FOXO 

proteins (336). For instance, reactive oxygen species (ROS)-mediated activation of JNK 

blocks FOXO-dependent inactivation by growth factor signalling through phosphorylation 

of the insulin adaptor IRS1/2 (342). Additionally, JNK enhances FOXO activation by 

phosphorylating the 14-3-3 protein, leading to release FOXO from 14-3-3 and exposure of 

the NLS, promoting FOXOs nuclear translocation (344). MST1 also activates FOXOs by 

disrupting the 14-3-3 binding to FOXO1 through phosphorylating FOXO1 (S212) (345). 

Furthermore, under low glucose conditions, ATP levels decrease, leading to the activation 

of AMPK, an ATP/adenosine monophosphate (AMP) sensor (342). Following AMPK 

activation, FOXOs are phosphorylated, leading to nuclear translocation and subsequently 

promoting the expression of target genes involved in metabolism and stress resistance (342, 

346). These observations suggest a dual role for FOXOs, maintaining cellular homeostasis in 

response to stress signals, in addition to their role in determining cell fate through cell cycle 

inhibition and apoptosis, highlighting a context dependent function for FOXO proteins.  

 

1.1.7.2 FOXO regulation by ubiquitination and deubiquitination 

The activity of AKT can promote FOXO ubiquitination and subsequent proteasomal 

degradation (347). Ubiquitination is a reversible post-translational modification that targets 

proteins for degradation or coordinates signal transduction pathways (348, 349). 

Ubiquitination is a key post-translational modification regulating FOXOs activity and 

stability, highlighting the role of the ubiquitin-proteasome system (UPS) in regulating FOXOs 

expression levels (335). In HepG2 cells, the degradation of FOXO1 by ubiquitination 

required phosphorylation mediated by the PI3K/AKT pathway (350, 351). Ubiquitination of 
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FOXO proteins is often linked to growth factor signalling through the PI3K/AKT pathway 

activation (351, 352). In addition to AKT-mediated FOXOs degradation by ubiquitination, IKK 

and ERK were reported to have similar effect on FOXOs (353, 354). AKT-mediated 

phosphorylation of FOXOs (e.g. FOXO1 at S256) are recognised by the activated F-box 

protein S-phase kinases-associated protein2 (SKP2), an E3 ligase, in the SCF E3 ligase 

complex, triggering FOXOs ubiquitination and degradation (355). Therefore, SKP2 requires 

AKT-mediated phosphorylation to recognise FOXOs and subsequently targets them for 

ubiquitination and degradation. Additionally, AKT can directly phosphorylate SKP2, 

resulting in its activation and subsequent cytoplasmic translocation, as well as preventing 

SKP2 degradation (356). Loss of PTEN was shown to be associated with elevated mRNA 

levels of SKP2 (357), further indicative of its AKT-dependent function. In T cell lymphomas, 

low levels of FOXO1 were associated with elevated levels of SKP2 (351, 358). Similarly, ERK-

mediated phosphorylation of FOXO1 leads to recruitment of MDM2, an E3 ligase, for FOXO 

ubiquitination and degradation (359). In contrast, cellular stress mediated FOXO 

ubiquitination, including oxidative stress and glucose availability, leads to FOXOs nuclear 

accumulation and activation (360, 361). Van der Horst, de Vries-Smits (360) showed that 

MDM2-mediated ubiquitination of FOXO4 at lysine199 (Lys199) and Lysine211 (Lys211), led 

to nuclear translocation and activation of FOXO4. This study also showed that FOXO4 

accumulation in the nucleus was reversed by a deubiquitinase (DUB) protein ubiquitin-

specific protease (USP) 7 (USP7) (360). Conversely, ERK-mediated phosphorylation of 

FOXO3a led to MDM2-mediated degradation (351). Constitutive photomorphogenic 1 

(COP1), a ring finger E3 ubiquitin ligase, mediates FOXO1 proteasomal degradation, which 

requires AKT phosphorylation of FOXO1 (362). Furthermore, gene expression of FOXO1 

targets was suppressed by COP1-mediated ubiquitination (362). In prostate cancer, nuclear 

accumulation of PTEN required Neural precursor cell expressed developmentally down-

regulated protein 4-1 (NEDD4-1) ubiquitination of PTEN, while USP7 reversed PTEN nuclear 

accumulation, favouring cytoplasmic accumulation (363). These observations indicate a 

context dependent ubiquitination of FOXOs which may lead to either proteasomal 

degradation or nuclear accumulation and enhancement of FOXOs activity.  
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1.1.7.3 FOXOs tumour suppressive function 

In PTEN deficient cell lines, FOXO1 and FOXO3 are inactivated by sequestration in the 

cytoplasm, while re-expression of PTEN induces cell cycle arrest in G1 phase and apoptosis, 

which can be attained by hyperactivation of FOXOs in these cells (364, 365). Histopathology 

studies focusing on FOXOs localisation and their association with cancer outcome, further 

emphasises on FOXOs role as tumour suppressors, where elevated levels of FOXO1 (T24) 

phosphorylated form by PI3K/AKT pathways are associated with inferior OS and disease-

free survival in several solid and leukaemic cancers including soft tissue sarcoma (366), 

prostate (367), and acute myeloid leukaemia (AML) (342, 368). In contrast, elevated 

expression of FOXO3 is associated with favourable disease outcomes in colorectal (369), 

urothelial (370), and neuroblastoma cancer (371). Interestingly, in MCF7 breast cancer cells 

with positive estrogen receptor (ER+), a nuclear receptor for estrogen hormone, 

overexpression of nuclear FOXO3 was associated with inhibition of motility, invasiveness 

and anchorage-dependent growth, while in cells with negative estrogen (ER-), FOXO3 was 

associated with aggressive metastatic breast cancer (372). Therefore, the tumour 

suppressive activity of FOXOs is multifaceted and largely depends on physiological 

conditions and cell/tissue types. This section is focused on the mechanism of FOXOs tumour 

suppressive activity which results in cell cycle arrest and apoptosis. 

 

1.1.7.3.1 FOXOs regulation of the cell cycle 

FOXO activation by pharmacological inhibition of PI3K/AKT pathways or overexpression of 

FOXO, led to a robust cell cycle arrest in cancer cell lines derived from acute T cell leukaemia, 

glioblastoma, and colon carcinoma (373-376). The cell cycle progression starts from G0 

‘quiescent state’ and progress from G1 to S phase (342). Early G1 phase requires inhibition 

of the retinoblastoma family of protein (retinoblastoma protein (RB), p107 and p130) 

through GFR signalling which upregulates the expression of cyclin D proteins (CCND1, 2 and 

3), and subsequently promoting the upregulation of cyclin-dependent kinase 4/6 (CDK4/6) 

complexes (342). The inhibition of retinoblastoma family proteins promotes the release of 

E2F, stimulators of proliferation, which induces transcription of S phase proteins (342). The 

S phase requires the expression of cyclin E-CDK2 complexes for DNA replications and 

cellular growth before entering mitosis, which requires cyclin B/CDK1 complexes to be 

initiated (342). FOXOs function as master regulators of cell cycle progression, through the 
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upregulation of cyclin-dependent kinase inhibitors (CDKIs) CDKN1A (p21Waf1/Cip1) and 

CDKN1B (p27Kip1) (375, 377), inhibiting cyclin E-CDK2 and cyclin D-CDK4/6 complexes 

responsible for progression through the cell cycle G1/S phase. FOXOs also mediate 

transcriptional repression of CCND1 and CCND2, inducing cell cycle arrest independent of 

p27Kip1 activity (378). Additionally, FOXOs regulate the inhibitor of cyclin-dependent kinase 

4 (INK4) family members of cyclin-dependent kinase inhibitors (CKIs) including p15INK4b 

(CDKN2B), p16INK4a (CDKN2A), P18INK4c (CDKN2C) and p19INK4d (CDKN2D), which inhibit the 

cell cycle progression in G1 phase by bocking CDK4/6 and cyclin D (375, 379-381). The 

expression of p130 is also regulated by FOXOs, blocking progression to S phase and inducing 

quiescence state (376, 382). Therefore, FOXOs can mediate cell cycle arrest at different 

phases (G0/G1, S, G2 and M) through regulating the expression of CKIs and retinoblastoma 

proteins.  

 

1.1.7.3.2 FOXOs regulation of apoptosis 

FOXO family members have been reported in several different cell types to function as 

inducers of apoptosis through both intrinsic and extrinsic pathways (330, 342). The intrinsic 

pathway, also known as the mitochondrial pathway, is regulated by the activity of BAK and 

BAX proteins (342, 383). The activation of BAK and BAX proteins is determined by the 

balance between pro-apoptotic (BIM, BAD, BH3-interacting domain death agonist (BID), 

PUMA, NOXA, BCL-2 related ovarian killer (BOK), and BCL-2 modifying factor (BMF)) and 

anti-apoptotic (BCL-2, BCL-XL, and MCL1) factors, leading to mitochondrial outer 

membrane permeabilization and apoptosis (383). FOXO proteins regulate apoptosis 

through the intrinsic pathways by upregulation of pro-apoptotic BIM (BCL2-L11) and PUMA 

(BBC3) proteins, while repressing anti-apoptotic BCL-XL (BCL2-L1) protein (382, 384), 

promoting mitochondrial-mediated apoptosis. Furthermore, cells can trigger apoptosis 

through the extrinsic pathway by engagement of extracellular ligands including TNF, FAS-

ligands (FASL), and TNF-related apoptosis-inducing ligand (TRAIL) to the extracellular 

domain of tumour necrosis factor receptor (TNFR) and the death receptors (DRs), 

respectively (342, 385-387). Activation of the intrinsic and extrinsic pathways leads to the 

activation of caspase-3 and caspase-7 cascade, the irreversible executioner enzymes of 

apoptosis (342, 385-387). FOXOs proteins promote apoptosis through the extrinsic pathway 

by increasing the expression of DR cognate ligands, including FASL (330, 382). 
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1.1.7.4 The role of FOXOs in normal and malignant B-cells 

1.1.7.4.1 The role FOXO proteins in normal B-cells 

FOXO proteins, particularly FOXO1, play a crucial role in the development of normal B-cells 

(388). In early B-cell differentiation, FOXO1 is suggested to be the dominant family member 

expressed at this stage (189), and is induced by transcription factor 3 (TCF3), transcription 

factor 12 (TCF12), and early B-cell factor 1 (EBF1) (389, 390), driving the differentiation 

commitment of the common lymphocyte progenitor (CLP) into the pro-B-cell (388). 

Furthermore, the progression of B-cell differentiation from pro- to pre-B-cell stages requires 

FOXO1 and EBF1 positive feedback loop, activating PAX5 (391). Of note, successful V(D)J 

recombination, regulated by RAG proteins, is important for the progression of B-cell 

between pro- and pre-B stages (128). At the pro-B stage, knockout of FOXO1, but not 

FOXO3A or FOXO4, downregulates the recombination activating genes RAG1 and RAG2, 

resulting in blocking the differentiation of B-cell beyond this stage (392). Furthermore, 

FOXO1 depletion in early pro- and pre-B-cell stages impairs the differentiation of B-cell 

through downregulation of the expression of interleukin 7 receptor (IL7R), a receptor 

involved in B-cell survival and development (392). Notably, contrary to reported FOXOs role 

in cell cycle arrest and apoptosis in malignant cells (373-376), FOXO1 is involved in the 

proliferation and survival of pro- and pre- B-cells (388). Depletion of FOXO1 at pro-B-cell 

stage causes repression of proliferation and induction of apoptosis, accompanied by 

upregulation of BIM and downregulation of BCL-XL (189). Furthermore, FOXO1 plays a 

temporal-specific role in pre-B-cell stage (393, 394). For instance, depleting AKT 

phosphorylation sites T308 and S473 increases FOXO1 levels and accelerates pre-B-cell 

proliferation through upregulation of cyclin D3 levels (388, 395), while BLNK-dependent 

inactivation of PI3K induces FOXO1 transcriptional activity, leading to the induction of 

FOXO1 target gene B-cell lymphoma 6 (BCL6) and subsequently inhibition of proliferation 

(388, 396).  

In mature B-cells, FOXO1 is the most abundant protein member of the FOXO family followed 

by FOXO3a (388, 397). While FOXO1 phosphorylation is consistently observed in resting B-

cells, FOXO1 phosphorylation further increases in stimulated B-cells (396). BCR-mediated 

phosphorylation of FOXO1 leads to nuclear exclusion and later protein degradation in 

mature B-cells (396). Additionally, BCR signalling via PI3K pathway triggers downregulation 

of FOXO1 transcription levels in mature B-cells (398). Interestingly, overexpression of wild-
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type FOXO1, but not FOXO3a, leads to increase in cell apoptosis (397). Conversely, 

overexpression of wild-type FOXO3a delays cell cycle progression (397). Expression of 

constitutively active form with mutation of 3 serine and threonine residues on FOXO1 (A3) 

and FOXO3A(A3) increases cell cycle arrest and apoptosis in activated mature B-cells (397). 

In BCR-ablated B-cells, FOXO target genes including BCL-2-like protein 11 (BCL2L11) and 

CDKN1B are upregulated (399), an upregulation that is reversed by the expression of 

constitutively active from of PI3K (P110*) (400), indicating that FOXOs transcriptional 

activity is regulated through the PI3K pathway in mature B-cells. Interestingly, conditional 

deletion of FOXO1 in transitional B-cells affects homing of PB-B-cells and reduces the 

number of B-cells in the LN (189). Additionally, FOXO1 deletion blocks CSR through 

downregulation of L-selectin (CD62L) and AICDA (AID) (189). In B-cells within GCs, FOXO1 

expression is the most abundant compared to other FOXOs and plays a crucial role in GC 

formation and function (401). Upon antigen encounter, the formation of GC is created by 

follicular cells in SLOs where mature B-cells undergo a series of events including activation, 

proliferation, SHM, affinity mutation and CSR to subsequently differentiate into memory or 

plasma cells (128, 388, 402). The structure of GC is subdivided into a dark zone (DZ), 

harbouring highly proliferative B-cells undergoing SHM, and a light zone (LZ), harbouring B-

cells undergoing activation, CSR and selection (388, 403). In the DZ, the transcriptional 

activity of FOXO1 mediates the expression of CXCR4 and BCL6, favouring B-cells homing of 

DZ and represses genes including TP53, respectively (401). In the LZ, FOXO1 mediates the 

expression of AICDA, essential for SHM and CSR (388, 401). FOXO1-null GC B-cells exhibit 

impaired DZ formation (losing architectural polarity), affinity selection and CSR, while 

maintaining SHM normal function (388, 401). Therefore, FOXO1 high expression is a key 

component to maintain CSR and proliferation of B-cells within the DZ (388). FOXO1 is also 

involved in the generation of plasma cells (189). FOXO1 knockout leads to increased plasma 

cell formation, while its constitutive activation downregulates antibody-secreting cells 

generation, likely through the induction of BCL6 (189, 388). Thus, maturation and survival 

of B-cells requires the precise modulation of FOXO1 expression and transcriptional activity 

within a narrow range. 
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1.1.7.4.2 The role FOXO proteins in malignant B-cells 

FOXO transcription factors are generally considered as tumour suppressors by virtue of their 

established ability to inducing cell cycle arrest and apoptosis (361). The Mx-Cre-inducible 

conditional FOXO (FOXO1/3/4-/-) triple knockout of adult mice led to the development of 

thymic lymphomas and haemangiomas, accompanied by a loss of cellular proliferation and 

survival restrictions, further confirming the tumour suppressor role of FOXO proteins (404). 

Additionally, the triple-FOXO1/3/4-deficient mice highlighted the overlapping and 

redundant function of FOXO isoforms, as evidence by the mild tumour phenotypes 

observed in dual knockouts (FOXO1/FOXO3-/- or FOXO1/FOXO4-/-) (404). Despite their classic 

tumour suppressor function, several B-cell malignancies demonstrated that FOXOs have the 

ability to promote tumorigenesis and drug resistance (405, 406).  

In classical Hodgkin lymphoma (cHL), FOXO1 is downregulated via constitutive activation of 

AKT/PKB and MAPK/ERK kinases as well as upregulation of miR-183, miR-96, and miR-182 

cluster (407). Expression of FOXO1(A3) in cHL cell lines led to cell cycle arrest in G0/G1 

phase and apoptosis, associated with increased expression of FOXO target genes BCL2L11 

and CDKN1B (407). This study suggests that the downregulation of FOXO1 expression may 

contribute to the progression of cHL, and that FOXO1 transcriptional activity plays a tumour 

suppressive role in this disease. In tonic BCR signalling-dependent DLBCL, FOXO1 expression 

was observed in 80% of tumours and was associated with longer OS (408). Additionally, 

inhibiting tonic BCR signalling with R406, a SYK inhibitor, downregulated AKT-dependent 

phosphorylation of FOXO1, triggering the upregulation of FOXO target genes involved in cell 

cycle arrest and apoptosis, including CDKN1B, TNFSFR10 (TRAIL) and growth arrest and 

DNA-damage-inducible protein 45-alpha (GADD45A) (408). Expression of FOXO1(A3) 

promoted cell cycle arrest and apoptosis, while knockdown (KD) of FOXO1 conferred 

resistance to SYK inhibitor R406 (408). This study indicates that the inhibition of FOXO1 

transcriptional activity by tonic BCR signalling is required for SYK and AKT to promote 

survival of DLBCL disease.  

In precursor B-cell acute lymphoblastic leukaemia (ALL), inhibition of pre-BCR+ ALL cells 

with PRT318, a SYK inhibitor, caused downregulation of FOXO1 phosphorylation, increased 

total FOXO1 levels, and accompanied by FOXO1 nuclear accumulation and increased 

expression of FOXO1 targets, including p27Kip1 and BLNK proteins (409). Expression of 

FOXO1(A3) reduced cell proliferation, accompanied by the upregulation of p27Kip1 and BLNK 
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and the reduction of MYC protein expression, indicating that FOXO1 inactivation through 

constitutive activation of pre-BCR signalling contributes to the oncogenesis of pre-B ALL 

(409). In multiple myeloma (MM), abrogating AKT signalling activity promoted cell cycle 

arrest and apoptosis through the activation of FOXO1 and glycogen synthase kinase 3 

(GSK3) (410). Furthermore, abrogating AKT signalling activity sensitised MM cells to BH3-

mimetics, achieved through FOXO1- and GSK3-mediated downregulation of MCL1 (410). 

Inhibition of AKT kinase activity in FOXO1-deficient cells had no effect on cell apoptosis 

induced by AKT inhibition (410). Similarly, pharmacological inhibition of FOXO1 activity with 

AS1842856 rescued MM cell lines from apoptosis induced by AKT kinase inhibition (410). 

This study indicates that the activity of FOXO1 is required to induce cell cycle arrest and 

apoptosis through the inhibition of the AKT pathway and that FOXO1 functions as a tumour 

suppressor in MM cells.  

Contrary to FOXO1 tumour suppressive role in tonic BCR signalling-dependent DLBCL, 

FOXO1 mutations were reported in approximately 8.6% of DLBCL cases, with 46.2% of 

recurrent mutations affecting the N-terminal region and diminishing the FOXO1 T24 

phosphorylation site (405). This mutation prevented the binding of FOXO1 to the 14-3-3 

protein, promoting FOXO1 nuclear localisation (405). However, FOXO1 nuclear 

accumulation was associated with a poor prognosis in these patients (405). Similarly, in 

Burkitt lymphoma (BL), FOXO1 mutation blocked AKT-mediation of FOXO1 T24 

phosphorylation, locking FOXO1 in the nucleus (406). This mutation promoted proliferation 

and survival, while FOXO1 depletion impaired tumour growth, indicating that mutated 

nuclear FOXO1 is a tumour promotor in BL (406). In CLL, several studies have demonstrated 

a tumour suppressive role for FOXO1 (193, 411, 412). In proliferating CLL cells, the gene 

levels of FOXO1, PTEN and CDKN1B (p27Kip1) were low (411). Subcellular localisation analysis 

revealed that FOXO1 was predominantly resided in the nucleus in quiescent CLL cells, while 

in the cytoplasm in the proliferative CLL cells (411). Proliferation of CLL cells required the 

overexpression of miR-22, which suppressed the expression of PTEN, subsequently 

enhancing the activation of PI3K/AKT signalling pathway, and inhibiting FOXO1 

transcriptional activity (411). This inactivation of FOXO1 was associated with 

downregulation of FOXO target gene CDKN1B (411). Ticchioni, Essafi (193) demonstrated 

that CLL survival was associated with inactivation of FOXO3a by the PI3K/AKT pathway, 

which was activated by homeostatic chemokines including CXCL12, CCL21, CCL19 and 

CXCL13. The expression of FOXO3A(A3) promoted cell apoptosis in CLL (193). We 
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demonstrated that FOXO1 is overexpressed in CLL cells within LN biopsies of poor 

prognostic patients, PB-CLL cells, and mouse-derived CLL-like cells (412). However, FOXO1 

was predominantly localised in the cytoplasm and inactive (412). AZD8055 treatment, a 

dual mTOR inhibitor, inhibited mTORC2/AKT-dependent phosphorylation of FOXO1T24, 

promoting FOXO1 nuclear localisation and activity (412). Additionally, the CLL tumour load 

in mice was reduced by AZD8055, potentially driven by FOXO1 nuclear accumulation and 

subsequent activity (412). Interestingly, FOXO1 has been reported to induce the activity of 

Grb2-associated binder 1 (GAB1) and its accumulation outside immune niches in CLL cells 

(413). The accumulation of GAB1 helps maintain the survival of CLL cells through sustained 

tonic BCR signalling and subsequent maintenance of basal AKT phosphorylation (413). This 

study suggests that sustaining low levels of FOXO1 activity promotes the accumulation of 

GAB1, subsequently inducing tonic BCR signalling and sustaining CLL cell survival in PB 

(413). Conversely, strong inhibition of the BCR-mediated activation of the PI3K/AKT 

pathway leads to FOXO1 activation and subsequent cell apoptosis (413). These studies 

suggest that FOXO proteins have a dual-faceted function, acting as either tumour 

suppressors or promoters in a tissue- and context-dependent manner. Additionally, somatic 

point mutations of FOXO1 have been reported in BL, follicular lymphoma (FL), and DLBCL, 

with a frequency of 11%, 6% and 5%, respectively (414). in CLL, FOXO1 mutations are even 

less frequent, occurring in approximately 2% of cases (414). Therefore, the transcriptional 

activity of FOXO1, mediated by the inactivation of the PI3K/AKT pathway, potentially 

possesses a suppressive role in CLL cells. 

 

1.1.8 The ubiquitin-proteasome system (UPS) 

Ubiquitination is a versatile post-translational modification that regulates proteolytic and 

non-proteolytic processes, including proteasomal/lysosomal degradation, protein activity, 

interaction, localisation, and quality control (415, 416). Furthermore, ubiquitination 

regulates vital cellular functions, including the cell cycle, apoptosis, differentiation, gene 

expression, DNA repair, and signal transduction (416). With a high rate of protein turnover, 

approximately 30% of newly synthesised proteins are rapidly degraded with a half-life of 

less than 10 minutes (min) (417). UPS plays a crucial role in regulating protein function and 

stability (417). The UPS pathway has been implicated in the pathogenesis of many diseases, 

including cancer (417). Additionally, the UPS regulates several signalling pathways involved 
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in CLL pathogenesis including NF-κB (418), PI3K/AKT/mTOR (419), MYC (420), and NOTCH 

(421).  

The UPS consists of the 26S proteasome, a large protein complex that acts as a regulator of 

protein levels by breaking down damaged, misfolded proteins and ubiquitinated proteins 

tagged for degradation (422). The 26S proteasome consists of a 20S core particle capped by 

two 19S regulatory particles on each end (Figure 1.7). The ligation of a mono- or poly-

ubiquitin chain to a protein is achieved through the covalent attachment of a highly 

conserved 76 amino acid protein called ubiquitin, to a substrate/protein (422). This 

attachment of ubiquitin requires the sequential activation of three distinct enzymes: 

ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-

ligating enzymes (E3) (Figure 1.7). The process begins with E1 creating a thioester bond  

 

Figure 1.7: Overview of the ubiquitin-proteasomal system (UPS) (modified from (423)).  
E1, ubiquitin-activating enzymes; E2, ubiquitin-conjugating enzymes; E3 ligase; ATP, 
adenosine triphosphate; AMP, adenosine monophosphate; DUBs, Deubiquitinases; Ub, ubiquitin.  
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between the carboxy-terminal glycine residue of ubiquitin and the active site cysteine of 

E1, which requires ATP (422). The ubiquitin is then transferred to the carrier protein E2, 

forming a stronger thioester bond (422). Lastly, a substrate-specific E3 ligase transfers 

ubiquitin to a lysine residue on the target protein, forming mono- or poly-ubiquitin chains 

with different lengths, topologies, and functional outcomes (422, 424). The fate of most 

ubiquitinated proteins is proteasomal degradation, which is triggered by polyubiquitin 

chains including Lys6 (K6), K11, K27, K29, K33, K48, and K63 (425). However, not all 

polyubiquitinated proteins are tagged for proteasomal degradation. For instance, K63 

ubiquitination is involved in regulating signal transduction, protein kinase activation, DNA 

repair, and vesicle trafficking (426, 427). In contrast to polyubiquitination, 

monoubiquitination does not always trigger protein degradation, instead, it contributes to 

the regulation of protein function, including determining protein subcellular localisation 

and protein-protein interactions (427, 428). Mono- or poly-ubiquitinated proteins are then 

transported to the multimeric 26S proteasome complex, which shreds the protein into 

oligopeptides and releases the ubiquitin for recycling by the UPS (429). Of note, 

ubiquitination of a protein can be influenced by phosphorylation, which can lead to 

polyubiquitination of a protein and subsequently proteasomal degradation (430). 

Additionally, the activation of E3 ligases can be triggered through phosphorylation of E3 

ligases, signalling for their activation (430). Dysfunction of UPS has been implicated in the 

pathogenesis of many diseases, including MM, neuroblastoma, cervical cancer, liver cancer, 

breast cancer, and prostate cancer (431-433), indicating that inhibition of the UPS could be 

a therapeutic strategy for these diseases. Inhibition of the UPS pathway activity can be 

targeted at the proteasomal level and the ubiquitination E3 ligases levels (434). For 

instance, bortezomib, an inhibitor of 20S proteasome, has been approved for the treatment 

of MM and mantle cell Lymphoma (MCL) (434, 435), demonstrating the validity of targeting 

the UPS in cancer therapies.  

On the other hand, the reversal of protein ubiquitination is regulated by DUB enzymes, 

cleaving C-terminus isopeptide bond of ubiquitin (422) (Figure 1.7), protecting proteins 

from degradation and preventing ubiquitin-mediated protein activation or subcellular 

localisation (436). DUB proteins consist of approximately 100 DUB family members encoded 

by the human genome (434). The DUB family of proteins consists of two groups: cystine-

based or metalloprotease DUBs (436). The cystine-based DUBs consist of six families, 

including ubiquitin-specific proteases (USPs), ovarian tumour proteases (OUTs), ubiquitin 
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carboxy-terminal hydrolases (UCHs), the Machado-Joseph disease proteases (MJDs), the 

motif interacting with ubiquitin-containing novel DUB family (MINDY), and ZUP1, while the 

metalloprotease DUBs consist solely of the zinc-dependent JAB1/MPN/MOV34 

metalloproteases (JAMMs) family (436). DUB proteins are highly selective and specific to 

individual proteins or structural motifs (434). The structure of DUBs is characterised by a 

key domain, the ubiquitin-binding domain (UBD) (422). This domain consists of a ubiquitin-

specific zinc finger protease domain (ZnF-UBP), a ubiquitin-interacting motif (UIM), and a 

ubiquitin-associated domain (UBA) (430). It has been suggested that the selectivity and 

specificity of DUBs targeting individual proteins/structural motifs are defined by the ZNF-

UBP domains (422, 434). Therefore, the main function of DUBs is to regulate ubiquitination 

by balancing conjugation and deconjugation of substrates, subsequently regulating protein 

abundance and cellular pathways. 

 

1.1.8.1 DUB proteins in the hallmarks of cancer 

DUBs have been implicated in the six hallmarks of cancer (sustaining proliferative signalling, 

evading growth suppressors, resisting cell death, enabling replicative immortality, and 

activating invasion and metastasis) (162), with multifaceted functions that can be 

associated with either cancer-promotion or cancer-suppression, depending on the context 

and tumour type (425). The regulation of DUB proteins on their specific target proteins can 

occur directly or indirectly (425). Direct regulation involves the direct binding and 

deubiquitination of the proteins, while indirect regulation occurs through the regulation of 

a substrate which causes an imbalance in ubiquitinated proteins, potentially affecting 

various ubiquitinated proteins rather than a single specific target (425). These methods of 

DUB regulation can lead to the stabilisation of the target protein by removing degradative 

ubiquitin signals or altering the target conformation, interactions and activity in the case of 

non-degradative ubiquitin signals (425). In cancer, it has been suggested that the most 

common mode of DUB regulation is indirect, involving the promotion or suppression of 

proteins (425). For instance, USP11 indirectly downregulate the expression of the tumour 

suppressor protein breast cancer 2 (BRCA2) by stabilising the E3 ligase SKP2, resulting in 

prostate cancer cell proliferation (437). Additionally, DUBs can influence translation and 

transcription through the dysregulation of epigenetic mechanisms or the transcriptional 

activation of oncogenes (425, 438). While mutations in DUB proteins are relatively rare, 
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many cancers exhibit dysregulated expression of DUBs mRNA and protein levels, which 

have been associated with disease progression (439, 440). This suggests that dysregulated 

expression of DUBs may provide a survival advantage for cancer cells through their post-

translational modification of proteins.  

DUBs have been reported to sustain proliferative signalling in leukaemic cells including 

chronic myelogenous leukaemia (CML) and AML (441, 442). The chromosomal translocation 

of the Philadelphia (Ph) chromosome (9 and 22) produces the BCR-ABL fusion gene, a key 

feature of CML (443). While the ABL kinase can exhibit both suppressive and promotive 

function in cell proliferation and survival depending on its subcellular localisation and the 

context signals, the BCR-ABL fusion protein is primarily localised in the cytoplasm and 

exhibits constitutive tyrosine kinase activation, leading to the activation of several 

oncogenic pathways including PI3K/AKT pathway, promoting cell proliferation and survival 

of CML (444). Overexpression of USP7 resulted in the upregulation of BCR-ABL protein but 

not its mRNA, while USP7 KD increased K48-linked polyubiquitination of BCR-ABL and 

subsequently proteasomal degradation (441). Of note, ubiquitin-specific protease 9, x-

linked (USP9x) was suggested to act as a DUB of BCR-ABL by cleaving K63-linked 

polyubiquitination, leading to formation of BCR-ABL aggresomes but not degradation, and 

subsequently inactivation of its oncogenic activity (441). P5091, a USP7-selective inhibitor, 

activate poly(ADP-ribose) polymerase (PARP) and caspase-3 cleavage, inducing CML cell 

apoptosis (441). The expression of checkpoint kinase 1 (CHK1) in AML is associated with 

high clonogenic ability, short OS and relapse (445). CHK1 functions as a checkpoint response 

in cell cycle progression and DNA damage response (446). The expression of USP7 was 

reported to be enriched in AML patients and was associated with relapse and resistance to 

therapy (442). The USP7 inhibitor (P22077) reduced the cell viability and proliferation of 

AML cells in vitro and in vivo, without affecting normal haematopoietic cell survival, 

independently of p53 mutational status (442). USP7 co-immunoprecipitated with CHK1 

protein, and the USP7-CHK1 interaction stabilised CHK1 protein through the 

deubiquitination of K48-linked polyubiquitination, leading to impaired survival (442). 

Additionally, inhibition of USP7 resulted in the downregulation of CHK1 protein without 

affecting its subcellular localisation (442). Schauer, Liu (447) demonstrated that XL177A, an 

irreversible inhibitor of USP7, inhibited the growth of many cancer cell lines primarily 

through a p53-dependent mechanism. XL177A treatment of MCF7 cells, that express wild-

type TP53, led to a rapid degradation of the E3 ligase human double minute 2 (HDM2), 
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followed by upregulation of p53 and p21Waf1/Cip1 proteins (447). The upregulation of p53 

stimulated the transcription cell cycle arrest genes CDKN1A and GADD45A, as well as the 

apoptosis-related genes BAX and damage specific DNA binding protein 2 (DDB2) (447). The 

high expression of USP14 was associated with abnormal proliferation in breast cancer (448). 

This abnormal proliferation was driven by USP14-CDK1 interaction, which stabilised CDK1 

by cleaving K48-linked ubiquitination (448). USP14 KD was associated with the 

downregulation of CDK1 levels and caused cell cycle arrest at G2/M phase (448). In contrast, 

overexpression of USP14 was associated with increased levels of CDK1 (448). The MYC 

family are important oncogenic proteins involved in the regulation of cell growth and 

proliferation (449). This family consists of three members: cMYC, lung-specific MYC (l-MYC), 

and neuroblastoma MYC (N-MYC), which are often found to be upregulated in human 

cancer (449). Interestingly, both cMYC and N-MYC are substrates of USP7, where 

overexpression of USP7 promotes the stability of cMYC and N-MYC (449). In contrast, 

inhibition of USP7 with P5091 blocked tumour development through the downregulation 

of N-MYC expression in neuroblastoma (449). Additionally, USP9x depletion was reported 

to destabilise the expression of the cMYC protein, resulting in the downregulation of cMYC 

levels (450). Similarly, depletion of USP14 was associated with decreased protein 

expression levels of cyclin D1 and cMYC in oesophageal squamous cell carcinoma (451). 

Collectively, these studies indicate that DUBs are involved in regulating proliferation in 

cancer through the stabilisation of oncogenic proteins, while inhibition of DUBs activity 

blocks proliferation and induces cells death.  

Activation of the PI3K signalling pathway is often associated with cancer. (178). DUB 

proteins can regulate the PI3K signalling pathway by suppressing PTEN, enhancing the 

activity of the PI3K signalling pathway (363). In prostate cancer, the expression of USP7 was 

upregulated and associated with PTEN, predominantly residing in the cytoplasm (363). This 

cytoplasmic localisation of PTEN was mediated by the interaction of USP7 with PTEN, 

resulting in the removal of monoubiquitination, a key regulator of PTEN nuclear access. This 

study suggested that cytoplasmic PTEN lacked full tumour suppressive function, and 

nuclear PTEN is essential for PTEN to exert its full tumour suppressive activity (363). The 

mTOR signalling pathway is often highly activated in tumour cells, leading to tumour 

progression, metastasis, and invasion (452, 453). This pathway is positively regulated 

through growth factors such as insulin-like growth factor-1 (IGF-1) and its cognate receptor 

IGF-1R, human epidermal growth factor receptor (HER) family and their associated ligands, 
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and vascular endothelial growth factor receptors (VEGFRs) and their associated ligands, 

which transmit signals to the mTOR pathway through the PI3K/AKT signalling axis (454). 

Conversely, the mTOR pathway is negatively regulated through PTEN, which inhibits the 

PI3K/AKT signalling pathway, blocking the transmission of growth factor signalling to mTOR 

(454). mTOR consists of two complexes: the mammalian target of rapamycin complex 1 

(mTORC1) and mTORC2 (453). mTORC1 is composed of mTOR, regulatory associated 

protein of target of rapamycin (RAPTOR), mammalian lethal scid syndrome 8 (mLST8), and 

proline-rich AKT substrate 40 (PRAS40), while mTORC2 is composed of mTOR, RICTOR, 

stress-induced phosphoprotein 1 (SIN1), and mLST8 (454). Additionally, mTORC1 is more 

sensitive to rapamycin and is responsible for protein translation and cell growth, while 

mTORC2 is less sensitive to rapamycin and is responsible for the full activation of AKT, 

promoting cell proliferation and survival (454). The activity of the mTOR pathway has been 

reported to be regulated by ubiquitination, through the stabilisation of mTORC2 expression 

from proteolytic degradation as well as the modulation of its activity through non-

proteolytic ubiquitination (455). Wrobel, Siddiqi (455) demonstrated that USP9x KD in 

human cervical cancer (HeLa) cells, human neuroblastoma (SH-SY5Y) cells, human liver 

cancer (HepG2) cells, and human embryonic kidney 293 (HEK293FT) cells downregulated 

the phosphorylation levels of mTORC2 target proteins, including AKTS473, FOXO3a and PKCα. 

Notably, USP9x-depletion only downregulated the levels of RICTOR from the mTORC2 

components without affecting the mTORC1 component RAPTOR. Furthermore, in USP9x-

depleted cells, stimulating the mTOR pathway with growth factors, including serum and 

insulin had no effect on the expression levels of phosphorylated AKTS473, indicating that 

USP9x is required to modulate the activity of mTORC2 (455). The impact of USP9x-depletion 

on RICTOR was observed through increased total ubiquitination and K63-linked 

polyubiquitination of RICTOR, suggesting that USP9x-mediated deubiquitination of RICTOR 

in these cells has a non-proteolytic function with respect to mTORC2 activity (455). 

Additionally, the downregulation of K63-linked polyubiquitination of RICTOR mediated by 

USP9x-depletion altered the component interactions of the mTORC1 and mTORC2 

complexes, reducing the interaction between mTOR and RICTOR while increasing the 

interaction between mTOR and RAPTOR (455). Conversely, overexpression of USP9x 

downregulated the ubiquitination of RICTOR, which subsequently upregulated the 

phosphorylation of AKTS473 through RICTOR activation and upregulated the interaction 

between RICTOR and mTOR (455), suggesting that USP9x-mediated deubiquitination of 
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RICTOR promoted mTORC2 assembly. Furthermore, inhibition of IGFR-1 or serum starving 

resulted in the downregulation of USP9x expression (455), indicating that USP9x expression 

is regulated by growth factors. This was confirmed with addition of serum upregulating the 

expression of USP9x mRNA levels, and upregulation of both USP9x and RICTOR proteins 

(455). Collectively, these studies indicate that DUBs positively enhance the activation of the 

PI3K/AKT signalling pathway by inhibition of PTEN or enhancing mTORC2 activation.  

DUBs have been implicated in replicative immortality, evasion of growth suppression, 

immune evasion, angiogenesis, cellular energetics, and invasion and metastasis, as recently 

reviewed by Dewson, Eichhorn (425). These areas are beyond the scope of this thesis. 

 

1.1.8.2 DUB inhibitors in B-cell malignancies 

The approval of bortezomib for the treatment of MM and MCL highlighted the importance 

of the UPS as a target for B-cell malignancies (434). Considering the roles of DUBs in the 

UPS pathway and their involvement in the hallmarks of cancer (425), there has been 

growing interest in exploiting DUBs as therapeutic targets. Despite the lack of successful 

clinical trials for DUB inhibitors, numerous pre-clinical studies have been published with 

promising indications for potential therapeutic success (Table 1.7). Currently, both pan-

DUBs inhibitors and specific/selective inhibitors of individual DUB proteins have been  

Deubiquitinase 
protein 

Compound name Clinical stage Cancer models 
targeted studies 

USP1 • SJB3-019A Pre-clinical B-ALL (456), MM (457) 

USP2 • ML364 Pre-clinical MCL (458) 

USP7 • HBX19818 

• P5091 

• Compound 4 

• XL188 

• FT671 

• FT827 

Pre-clinical 
Pre-clinical 
Pre-clinical 
Pre-clinical 
Pre-clinical 
Pre-clinical 

CLL (459, 460), B-cell 
leukaemia mouse 
models and MM (461, 
462), leukaemia (463) 

USP9x • WP1130 Pre-clinical MM (464), MCL (465) 

USP14 • b-AP15 

• VLX1570 

Pre-clinical 
Phase 1 (terminated) 

MM (466, 467), DLBCL 
(468), MCL (469) 

Table 1.7: Small-molecule inhibitors of the DUB proteins in B-cell malignancies (modified 
from (423, 470, 471)).  
B-ALL, B-cell acute lymphoblastic leukaemia; MM, multiple myeloma; MCL, mantle cell lymphoma; 
CLL, chronic lymphocytic leukaemia; DLBCL, diffuse large B-cell lymphoma.  
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identified (472), with many inhibitors demonstrating efficacy in inducing apoptosis in B-cell 

malignancies (Table 1.7). However, the development of DUB inhibitors is still in its early 

stages, and further research is required to improve their safety, specificity and efficacy. This 

section is focused on specific/selective DUB inhibitors and their effects on B-cell 

malignancies USP1 is reported to play an oncogenic role in regulating various cellular 

processes including DNA repair, cell proliferation, differentiation, and apoptosis (456). USP1 

was upregulated in BM-derived B-ALL patients and was associated with progression of B-

ALL through the upregulation of ID1 expression and activity (456). Overexpression of ID1, 

an oncogenic protein essential for proliferation, migration and stem cell renewal, was linked 

to poor outcomes (456). This upregulation of inhibitor of differentiation 1 (ID1) was 

associated with increased activation of PI3K/AKT signalling pathway (456). USP1 KD or 

inhibition with SJB-019A, a specific inhibitor of USP1, downregulated the expression of ID1 

and subsequently the phosphorylation of AKT, leading to the repression of cell proliferation 

and induction of cell apoptosis in B-ALL cells (456). USP1 was also upregulated in MM and 

associated with worse OS. SJB3-019A induced caspase dependent apoptosis of MM cells, 

induced cell cycle arrest at the G1 phase, and overcame bortezomib resistance (457). 

Similarly, USP1 KD downregulated MM cell viability (457). Furthermore, SJB3-019A blocked 

ID1 signalling, leading to the downregulation of NOTCH1 and NOTCH2 proteins, which are 

associated with MM stem cell renewal and survival (457). These studies demonstrate that 

USP1 plays a pathogenic role in these B-cell malignancies, an effect that can be blocked by 

the SJB3-019A inhibitor. 

MDM2 is a RING-finger type E3 ubiquitin ligase that can destabilise p53 expression and 

activity through proteasomal degradation, halting p53 pro-apoptotic and tumour 

suppressive functions (473). In MCL, USP2 has been associated with the stabilisation of 

oncogenic proteins, including MDM2 and cyclin D1 (458). ML364, a specific USP2 inhibitor, 

destabilised the expression of cyclin D1 through increasing its proteasomal degradation, 

leading to cell cycle arrest in Mino and HCT116 cell lines (458). Additionally, ML364 

downregulated homologous recombination-mediated DNA repair (HRR) (458). This study 

demonstrated that USP2 is a tumour promoter through its stabilisation of cyclin D1, 

indicating that it is a potential therapeutic target in B-cell malignancies. 

The pathogenesis of CLL disease is highlighted by genomic aberrations, particularly the 

del(11q) and del(17p), which are the sites of the DNA repair genes ATM and TP53, 
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respectively (459). DDR genes manage DNA repair and apoptosis, and the loss of these 

genes drives tumour progression by allowing mutations and chromosomal modifications to 

persist and accumulate, elevating genomic instability and resistance to conventional and 

targeted CLL therapies (459). DNA damage response pathway (DDR) proteins are post-

translationally modified by ubiquitination/deubiquitination (474). In CLL cells, in vitro 

treatment with HBX19818, an irreversible USP7 inhibitor, demonstrated selective inhibition 

of USP7, which resulted in a reduction in the viability of primary CLL cells, regardless of their 

quiescent or proliferative status (459). This reduction in the viability of CLL cells was 

independent of ATM/p53-defective status, and sensitised ATM/p53-defective CLL cells to 

chemotherapy (459). In vivo treatment of CLL murine models with HBX19818 or USP7 KD 

led to a reduction in tumour load, observed through the reduction in splenic weight (459). 

Interestingly, overexpression of USP7 in CLL cells was independent of ATM/p53-defective 

status and was associated with the stabilisation of RAD18, an E3 ubiquitin ligase involved in 

promoting post-replication repair (459). RAD18 helps in the relocation of proteins necessary 

for Homologous Recombination Repair (HRR) to the site of DNA damage (459). HRR-

dependent double-strand break (DSB) repair was downregulated by HBX19818 or USP7 

depletion (459). Another study by Carrà, Panuzzo (460) demonstrated that USP7 mRNA and 

protein levels were upregulated in primary CLL patient samples. P5091, a USP7-selective 

inhibitor, induced cell apoptosis, and inhibited the cell cycle of both TP53-mutated MEC1 

and TP53 wild-type EHEB cells, suggesting that the tumour-suppressive effect of P5091 is 

independent of TP53 mutation in CLL cells (460). Interestingly, the combination of P5091 

and idelalisib synergistically inhibited cell proliferation and induced cell apoptosis in CLL cell 

lines, suggesting a role for USP7 in regulating the PI3K/AKT pathway (460). Of note, USP7 

mediated PTEN nuclear exclusion through the cleavage of endogenous ubiquitination of 

PTEN, with P5091 treatment of MEC1 cells leading to the restoration of PTEN endogenous 

ubiquitination levels and subsequent promotion of PTEN nuclear localisation and activity 

(460). He, Wang (461) demonstrated that USP7 expression was upregulated in MM and was 

associated with poor prognosis and survival of MM cells. Inhibition of USP7 with P5091 

induced cell apoptosis (461), and overcome bortezomib resistance in MM cells (462). 

Collectively, these studies identify USP7 as a tumour promotor in CLL and MM. Targeting 

USP7 with its selective inhibitors, in combination with BCR inhibitors enhance the induction 

of cell apoptosis and cell cycle arrest. 
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The expression of USP9x was upregulated in MM and was associated with a shorter PFS 

(464). USP9x stabilised MCL1, an antiapoptotic protein, preventing its proteasomal 

degradation in MM (464). Treatment of primary tumour cells from newly diagnosed or 

drug-refractory myeloma patients with WP1130, a partial selective USP9x inhibitor, 

promoted MCL1 downregulation and cell apoptosis (464). Additionally, USP9x KD resulted 

in the induction of cell apoptosis (464). Pham, Tamayo (465) demonstrated that WP1130 

treatment of typical and blastoid-variant MCL cells resulted in the inhibition of cell growth 

and the induction of apoptosis. Furthermore, WP1130 treatment inhibited NF-κB activity in 

MCL (465). The combination of WP1130 with bortezomib synergistically enhanced the 

inhibition of NF-κB, concurrently downregulating the protein and mRNA levels of NF-κB 

target genes cMYC and cyclin D1, as well as downregulating BCL-2 protein expression while 

upregulating BAX protein expression (465). These studies indicate that USP9x is a potential 

tumour promoter in B-cell malignancies.  

USP14 was reported to be highly expressed in MM compared to B-cells from healthy donors 

(467). b-AP15 is a selective inhibitor of the enzymatic activity of USP14, without inhibiting 

proteasome activity (467). Treatment of primary MM cells and cell lines with b-AP15 

reduced cell viability and proliferation, even in co-culture with BM stroma cells, and 

overcame bortezomib resistance (467). b-AP15 mediated growth arrest and cell apoptosis 

of MM cells were associated with the downregulation of cyclin B1 and the activation of 

intrinsic and extrinsic apoptotic signalling pathways, including caspase-8, -9, and 

subsequently caspase-3 (467). In vivo studies using MM mouse models demonstrated that 

treatment with b-AP15 inhibited tumour progression and prolonged their survival (467). 

Additionally, b-AP15 has been reported to induce cell apoptosis in DLBCL and MCL cells 

(468, 469). Wang, Mazurkiewicz (466) showed that USP14 KD resulted in the reduction in 

cell viability of MM cells. Furthermore, in vivo studies treating mouse models of MM with 

VLX1570, an analogue of b-AP15 with higher potency and improved solubility, showed 

extended survival with treatment of USP14 inhibitor (466). The promising potential of the 

USP14 inhibitor VLX1570 in pre-clinical studies led to the first clinical trial of DUB inhibitors 

in B-cell malignancies (475). The phase 1 single-arm trial investigated the safety, tolerability, 

and efficacy of VLX1570 in combination with low-dose dexamethasone, an anti-

inflammatory treatment, in patients with relapsed or R/R MM (475). Patients were treated 

with escalating doses of VLX1570 ranging from 0.05 to 1.2 mg/kg in a 28-day cycle (on days 

1, 2, 8, 9, 15, and 16) (475). The anti-tumour effect of VLX1570 was observed at doses equal 
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to or greater than 0.6 mg/kg (475). However, at a dose of 1.2 mg/kg, two patients 

experienced severe progressive respiratory insufficiency associated with diffuse pulmonary 

infiltrates, culminating in their death (475). The severe lung toxicity led to the 

discontinuation of the trial (NCT02372240). 

 

1.1.8.3 The role of DUBs in regulating FOXO transcription factors 

FOXO family members are post-translationally modified by ubiquitination and 

deubiquitination (415, 416), resulting in proteasomal degradation, subcellular localisation, 

and inactivation (332, 333). BCR-mediated activation of the PI3K/AKT/mTORC2 axis leads to 

the phosphorylation of FOXO1 and its association with 14-3-3 protein (336). This association 

results in the cytoplasmic sequestration of FOXO1 and subsequent proteasomal 

degradation, potentially mediated by the E3 ligase SKP2 through K48-linked 

polyubiquitination (355, 360). In addition to its proteolytic function, the UPS pathway is also 

involved in non-proteolytic ubiquitination, including K63-linked polyubiquitination and 

monoubiquitination (425). In CLL cells, DUB enzymes, particularly USP7, play a crucial role 

in oncogenesis through the inactivation of two key tumour suppressors: PTEN and p53 

proteins (460). Several studies have shown that USP7 interacts with FOXO family members, 

including FOXO1 (476, 477), FOXO3a and FOXO4 (360). Hall, Tabata (477) demonstrated that 

monoubiquitination of FOXO1 promoted its transcriptional activity, while the removal of 

monoubiquitin from FOXO1 by USP7 reduced FOXO1 occupancy on the promoter sites of 

its target genes. Interestingly, the expression and localisation of FOXO1 were not impacted 

by the overexpression or USP7 KD (477). However, overexpression of USP7 suppressed the 

expression of FOXO targets involved in cell cycle inhibition, including p27Kip1 and p130 (360, 

376). Similarly, monoubiquitination of FOXO4 upregulated its transcriptional activity, and 

USP7 KD resulted in FOXO4 nuclear accumulation and activation (360), suggesting that USP7 

is involved in the suppression of FOXO activity. Gao, Zhu (478) demonstrated through 

proteome analysis of USP7 KD melanoma cell lines that PI3K/AKT pathway and FOXO are 

targets of USP7 deubiquitination activity. Furthermore, knockout of USP7 in B16 melanoma 

cell lines resulted in the downregulation of AKT phosphorylation, suggesting that USP7 may 

indirectly mediate its suppression of FOXOs through the enhancement of PI3K/AKT 

signalling activity (478). USP9x can also regulate the PI3K/AKT signalling pathway in neural 

progenitors and myoblasts (455, 479, 480). USP9x depletion reduced mTORC1 assembly 
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and activity, while restoring RICTOR expression levels in USP9x-depleted cells led to 

increased phosphorylation of mTORC2 targets, including AKT and FOXO3a (479). In B-cells, 

BCR-dependent upregulation and activation of PKCβ, a leukaemogenic protein upstream 

activator of IKK and NF-κB (481), required USP9x enzymatic activity (482). USP9x knockout 

in B-cells resulted in a delay in ERK1/2 activation, which was associated with a reduction in 

PKCβ (482). In T cells, the activation of ZAP-70, required multiple phosphorylation events as 

well as the removal of monoubiquitin by USP9x, enhancing ZAP-70 catalytic activity (482). 

Taken together, these studies suggest that USP9x may indirectly affect the transcriptional 

activity of FOXOs through modulating proteins involved downstream of the BCR signalling 

pathway. 

 

 

1.2 Project aims 

Despite the accumulated knowledge about FOXO1 post-translational modification through 

phosphorylation and its subsequent inactivation through nuclear exclusion, the role 

deubiquitination/DUB proteins in regulating FOXO1 expression, subcellular localisation, and 

transcriptional activity upon dependent-BCR activation has not yet been explored in CLL. 

Additionally, the potential role of DUB enzymes in modulating the PI3K/AKT signalling 

pathway remains poorly understood in CLL cells. Therefore, this thesis aims were to: 

I. Profile the expression levels of FOXO family members and DUB enzymes in 

primary CLL cells and examine their regulation via BCR signalling pathway. 

II. Address DUB protein modulation of FOXO1 expression, subcellular localisation, 

and transcriptional activity in CLL cells via BCR signalling pathway. 

III. Explore novel FOXO1 interactors and examine their role in modulating FOXO1 

activity. 
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Chapter 2.  Materials and Methods 

2.1 Product Supplies and addresses 

The suppliers’ information and addresses of the materials and reagents used in this project 

are listed (Table 2.1). Of note, the general supplies of plastic ware used were purchased 

from Greiner Bio-One Ltd or Fisher Scientific UK, unless otherwise specified.  

Company Distributor Address 

Abcam Abcam Plc Cambridge, CB2 0AX, UK 

Active Motif Active Motif, Inc. Waterloo Atrium 
Drève Richelle 167 – boîte 4 
BE-1410 Waterloo, Belgium 

BD Biosciences BD Biosciences  Berkshire, RG41 5TS, UK 

Bioline Bioline Reagents Ltd. London, NW2 6EW, UK 

Cell Signalling Technology Cell Signaling 
Technology, Inc. 

London, WC1H 9BB, UK 

Eppendorf Eppendorf UK Ltd. Stevenage, SG1 2FP, UK 

Fisher Scientific  
Whatman plc 

Fisher Scientific UK Ltd. LE11 5RG, Loughborough, 
UK 

GraphPad Prism (v9.4.1) GraphPad Software Inc 2365 Northside Dr #560, 
San Diego, CA 92108, 
United States 

Greiner Bio-One Greiner Bio-One Ltd. Gloucestershire, GL10 3SX, 
UK 

Gibco 
Invitrogen 

ThermoFisher Scientific 
– UK 

Renfrew, PA4 9RF, UK 

Hawksley Hawksley & Sons Ltd. Sussex, BN15 8TN, UK 

Labtech Labtech Ltd. East Sussex, TN21 8DB, UK 

Li-Cor Odyssey Fc Li-Cor Biotechnology UK 
Ltd. 

Cambridge, CB4 0WS, UK 

Miltenyi Biotec Miltenyi Biotec Ltd. Surrey, GU24 9DR, UK 

QIAGEN QIAGEN Ltd. Manchester, M13 0BH, UK 

Sartorius Sartorius UK Ltd. Epsom, KT19 9QQ, UK 

Scientific Laboratory 
Supplies 

Scientific Laboratory 
Supplies Ltd. 

Nottingham, NG11 7EP, UK 

Selleckchem Stratech Scientific Ltd.  Ely, CB7 4EX, UK 

Sigma-Aldrich Merck Life Sciences UK 
Limited 

Glasgow, G20 0XA, Scotland 

STEMCELL Technologies STEMCELL Technologies 
UK Ltd. 

Cambridge, CB25 9TL, UK  

ZEISS Axio Observer  Carl Zeiss NTS Ltd. Cambridge, CB23 6DW 

Table 2.1: Suppliers and distributors addresses. 

https://www.google.ca/maps/place/Cambridge+Research+Park,+8100+Beach+Dr,+Waterbeach,+Cambridge+CB25+9TL,+UK/@52.2909079,0.1688641,17z/data=!3m1!4b1!4m5!3m4!1s0x47d87216665a78b7:0xef733449be879ae8!8m2!3d52.2909079!4d0.1710528
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2.2 Cell tissue culture 

All cell culture work were carried out using sterile technique in a class II microbiological 

safety cabinet. The cells were incubated in humidified incubator at 37 °C and 5% of carbon 

dioxide (CO2). 

 

2.2.1 Primary CLL cells 

PB was collected from patients with confirmed diagnosis of CLL that were treatment-naïve 

or had received treatment but not in the preceding 3 months, and after informed consent. 

The usage of primary CLL cells were approved by the West of Scotland Research Ethics 

Service, NHS Greater Glasgow and Clyde (UK) and all work was conducted in alignment with 

approved guidelines (REC Ref: 20/WS/0066) (483). Further approval was obtained with 

project number 2021-003 from the Cell Bank Approval Committee of Paul O’Gorman 

Leukaemia Research Centre, The University of Glasgow. A database of anonymised patient 

samples contained linked clinical information including treatment status, patient gender, 

clinical stage (Binet), and the presence and type of cytogenetic abnormality identified by 

FISH, where available. A list of the patient samples used in this project is listed in Table 2.2. 
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Primary CLL 
Sample 

Gender Binet Stage* Treatment FISH 

CLL8 F A UT del(11q) 

CLL9 F A T - 

CLL57 M C UT - 

CLL78 M - T del(17p) 

CLL93 M C T del(17p) 

CLL102 F C T del(11q) 

CLL109 M B - del(17p) 

CLL116 M A UT Normal 

CLL122 M - T del(17p) 

CLL132 F B UT del(17p) 

CLL138 F A T - 

CLL140 F C UT T12 

CLL151 M B UT del(11q)  

CLL162 M - - - 

CLL163 M - - - 

CLL168 M B UT T12 / del(13q) 

CLL169 F C UT del(11q) 

CLL170 F - T - 

CLL171 M C UT  - 

CLL172 M - - Normal 

CLL173 M B T del(11q) 

CLL175 M C T - 

CLL176 M A UT - 

CLL177 M B UT - 

CLL179 M B T - 

CLL180 F B T - 

CLL184 M - T - 

CLL185 M C - - 

CLL186 M C UT - 

CLL187 M B UT - 

CLL189 M B T - 

CLL190 M C UT - 

CLL191 M A UT del(11q) / del(17p) 

CLL193 F A UT - 

CLL194 M C UT - 

CLL195 M C UT No del(11q) / del(17p) 
/ p53 mut 

CLL196 F B UT - 

CLL198 M - T - 

CLL200 M C - - 

Table 2.2: List of patients CLL sample characteristics. 
M = Male, F = Female, POS = positive, NEG = Negative, T = Treated, UT = Untreated, - = not 
determines. Normal = no cytogenetic abnormality detected by FISH. * Staging chronic lymphocytic 
leukaemia with Binet: Stage A = mild, B = intermediate, C = advanced. 
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2.2.1.1 Enrichment of CLL cells from PB 

The isolation of CLL cells from whole blood was performed according to the Hay, Moles 

(484) protocol. Briefly, we routinely receive consented CLL patient cells from the clinic in 

ethylenediamine tetra-acetic acid (EDTA) blood collection tubes, accompanied by the white 

cell count (WCC). The purification method was proceeded for PB-CLL samples depending 

on the WCC.  

CLL blood samples with WCC < 40 x 106 cell/mL required an extra step call the RosetteSep 

step, where the CLL blood samples were incubated at room temperature (RT) for 20 min in 

50 µL of RosetteSep Human B-cell Enrichment Cocktail (STEMCELL Technologies) per 1 mL 

blood. 

If the WCC ≥ 40 x 106/mL, the RosetteSep step was skipped and the CLL blood samples were 

diluted 1:1 at RT with CLL wash buffer (phosphate-buffered saline (PBS), 0.5% Fetal bovine 

serum (FBS), 2 mM ethylenediamine tetraacetic acid (EDTA)) in a 50 mL Falcon tube. The 

diluted blood was then carefully layered onto density separation medium Histopaque®-

1077 Hybri-MaxTM (Sigma) at RT. For instance, a 30 mL of diluted blood sample is layered 

into 10 mL of Histopaque in 50 mL tube, or 4 mL of Histopaque for a sample of 10 mL into 

15 mL tube. The layered samples were carefully centrifuged at RT for 30 min at 400xg with 

no brake. Slowly and carefully the white buffy layer was harvested into a fresh 50 mL conical 

centrifuge tube by utilising a Pasteur pipette and wash twice in 40 mL of CLL wash buffer by 

RT centrifugation for 10 min at 300xg. The cells were then counted using trypan blue as 

describe in (Section 2.2.1.2). The purity of isolated CLL cells were assessed by flow 

cytometry as described by our group publication (484). If the cells were needed 

immediately for an experiment after CLL isolation, they were seeded at a concentration of 

10 x 106 cell/ml in Roswell Park Memorial Institute 1640 (RPMI) (Gibco, ThermoFisher 

Scientific) supplemented with 2 mM L-glutamine (1% L-glutamine), 50 U/mL penicillin and 

50 µg/mL streptomycin (1% Pen/ Strep), and FBS, heat inactivated (10% FBS) (Gibco, 

ThermoFisher Scientific) referred to as ‘complete RPMI’. This complete RPMI medium was 

used to incubate the cells into T25 or T75 flasks for at least 4 hours (hr) before setting up 

the experiment.  If the cells were not immediately required for experimentation, they were 

cryopreserved in the cell bank as describe in (Section 2.2.1.3). Additionally, CLL cell pellets 

were gathered at this stage for protein (40 x 106) and RNA (20 x 106) samples, representative 

of ex-vivo PB-CLL samples. 
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2.2.1.2 Cell counting using Trypan Blue  

An aliquot of the cell suspension was diluted as required in PBS and transferred into an 

Eppendorf and further diluted by 1:1 in 1X pre-filtered trypan blue solution (0.4%) (Gibco, 

ThermoFisher Scientific). The cell counting was performed by using a haemocytometer 

counting chamber (Hawksley) by pipetting 10 µL diluted cells under the coverslip and 

viewed by a compound microscope (Nikon) at 40X magnification. The following formula was 

used to determine cell counts: 

𝐶𝑒𝑙𝑙

𝑚𝐿
= (

𝐶𝑒𝑙𝑙 𝐶𝑜𝑢𝑛𝑡

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶ℎ𝑎𝑚𝑏𝑒𝑟𝑠
) × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 × 104 

Viable cells were determined by the colour, with live cells remaining white due to intact 

membrane excluding trypan blue, while dead cells stained blue. By counting the cells in the 

four corner squares (including cells touching the left and top corners and excluding the right 

and bottom corners of the large squares) the cell count was obtained.  

 

2.2.1.3 Cryopreservation of primary CLL cells 

Isolated CLL cells (Section 2.2.1.1) were cryopreserved by resuspending the cell pellet in CLL 

‘freezing media’ (90% FBS, 10% dimethylsulphoxide (DMSO)), and 1 mL cells at a density of 

(5-10 x 107/mL) was transferred to 2 mL cryovials. The cryovials were frozen slowly at 1 

°C/min by placing them in Mr. Frosty freezing container filled with 250 mL isopropanol. The 

container was then transferred to -80 °C freezer. Subsequently, cryovials were transferred 

to liquid N2 tanks for long-term storage. 

 

2.2.1.4 Thawing cryopreserved primary CLL cells 

Cryovials of cells were removed from liquid (Nitrogen) N2 and immediately placed into dry 

ice to be processed. The vial was quickly thawed for 1 min in the 37 °C water bath until the 

ice is almost completely melted. Inside the laminar flow hood, the thawed CLL suspension 

was gently transferred into a 15 mL conical tube and 10 mL DAMP solution (DNAsel 5000U, 

20% Human Serum Albumin, 1M MgCl2, 0.155M Trisodium citrate, PBS) was slowly added 

dropwise over 10 min to maximise the recovery of CLL. The cells were then centrifuged at 

RT for 5 min at 250xg, and the pellet was resuspended in complete RPMI medium and then 

recentrifuged. CLL cells were transferred to T25 or T75 flasks in complete RPMI medium at 
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a minimum concentration of 5-10 x 106 cells/ml and incubated in preparation for 

experiments in a humidified atmosphere containing 5% CO2 at 37 °C. The recovery of CLL 

cells was determined the following day by performing a cell count as describe in (Section 

2.2.1.2).  

 

2.2.2 Enrichment of healthy B-cells from buffy coat samples  

Buffy coat samples offer a rich source of white blood cells/leukocytes, allowing the 

enrichment of sizable numbers of B lymphocytes. Buffy coats were obtained from the 

Scottish National Blood Transfusion Service, (UK; Ref 17 ~ 10), following a fresh blood 

donation of healthy donors. To enrich for healthy B lymphocytes from buffy coat, we used 

two different approaches; positive selection of cells expressing CD20 antigen using human 

CD20 MicroBeads (Miltenyi) for gene expression comparison, and negative selection 

containing cocktail of biotin-conjugated monoclonal antibodies selecting for human 

leukocytes except for B-cells using human Pan B-cell Isolation (Miltenyi) for protein 

expression comparisons.  

The process for isolating primary CLL cells with > 40 x 106 cells (as described in section 

2.2.1.1) was followed to isolate leukocytes from buffy coat. The cells then were counted to 

adjust the number of cells to meet the protocol requirements, and 5 x 105 cells were 

removed as a pre-enrichment control (Figure 2.6a). The enrichment process of B 

lymphocytes used magnetic-activated cell sorting (MACS) separation technology following 

the manufacturer’s instructions. Of note, all solutions were pre-cooled, and cells were kept 

on ice throughout the procedure. the cell suspension was pelleted by centrifugation at 

300xg for 10 min, and the supernatant was removed. ‘MACS wash’ buffer was prepared 

containing (pH 7.2 PBS, 0.5% bovine serum albumin (BSA) (Sigma), 2 mM EDTA). 

CD20 MicroBeads magnetic labelling for positive selection was performed by resuspending 

the pellet in 80 µL of buffer per 107 total cells, followed by the addition of 20 µL of CD20 

MicroBeads per 107 total cells. Following Magnetic labelling, the cells were incubated for 

15 min on ice. After the incubation, the cells were washed by adding 1 mL of buffer per 107 

total cells. followed by 10 min of centrifugation at 300xg. The supernatant was completely 

removed, and the pallet was resuspended in 500 µL of buffer per 108 total cells.  
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Pan B-cell Isolation magnetic labelling for negative selection was employed by resuspending 

the pellet in 40 µL of buffer per 107 total cells, followed by the addition of 10 µL of Pan B-

cell biotin-antibody cocktail per 107 total cells. Following Magnetic labelling, the cells were 

incubated for 5 min on ice. After the incubation, 30 µL of buffer per 107 total cells was 

added, followed by the addition of 20 µL of anti-Biotin Microbeads per 107 total cells and 

an additional 10 min incubation on ice. Following the second incubation, the volume was 

adjusted to a minimum of 500 µL of buffer. 

Magnetic separation was performed using ‘LS’ MACS columns. Up to 1 x 109 cells were 

resuspended in 3 mL MACS wash buffer and transferred onto the LS columns, which were 

then placed in magnetic field of suitable MACS separator. For enriched B lymphocytes, the 

plunged cells in the positively selected samples were collected, whereas the flow-through 

was collected in the negatively selected samples. To ensure efficiency of the procedures, 

flow-through from positive selection or flushed cells from the negative selection were also 

collected (Figure 2.6b & c). Following B-cell enrichment, the cells were immediately seeded 

into T25 or T75 flasks for at least 4 hr at a concentration of 10 x 106/mL in complete RPMI, 

followed by plating the cells at a concentration of 1-2 x 10x6/condition for Annexin V/7-AAD 

apoptosis assay. Additionally, purified B lymphocytes pellets were gathered at this stage for 

protein (2-5 x 106) and RNA (2-5 x 106) samples, employed to compare the expression of 

healthy vs CLL cells. The samples were analysed by flow cytometry (Section 2.6.2). 

 

2.2.3 Cell lines. 

The guidelines of Leibniz Institute DSMZ (Deutsche Sammlung von Mikroorganismen und 

Zellkulturen) were employed to passage and optimise cell culture conditions for cell lines 

(Table 2.3). Cells that reached 20 passages were replaced with fresh vial of cells, which were 

frozen in an early passage.  
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Cell line Description Cell culture Source/References 

MEC1 

(Suspension 

cells) 

Generated in 1993 from PB 

of a 61-year-old man with 

CLL. Expressing CD24, CD23, 

CD27, CD38 and CXCR4, 

which are expressed in 

progressive CLL cells. MEC1 

cells are known to retain 

non-favourable 

characteristics with the 

presence of del(p17) and 

TP53 mutation. 

Cells were maintained 

in complete DMEM 

media at 37 °C in a 

humidified 

atmosphere 

containing 5% CO2; 

maintained at 0.5–2 

x106 cell/mL; split at 

ratio of 1:3 every 3 

days, with doubling 

time of 40 hr. 

A kind gift from 

Prof. Joseph 

Slupsky, University 

of Liverpool, UK 

(485-487) 

HG-3 

(Suspension 

cells) 

Generated in 1998 from 70-

year-old man with CLL Rai 

Stage II. It is a 

lymphoblastoid cell line 

with B1 cell characteristics, 

derived from IGHV1-2 

unmutated CLL patient 

clone, characterised by the 

presence of del(13q) which 

resemble favourable 

prognostic factor in CLL. 

Cells were maintained 

in complete RPMI 

media at 37 °C in a 

humidified 

atmosphere 

containing 5% CO2; 

maintained at 0.5–1 

x106; passage at a 

ratio of 1:3 every 3 

days, with doubling 

time of 50-60 hr. 

A kind gift from Dr 

Mark Catherwood, 

Queen’s University 

Belfast, UK 

(488, 489) 

HEK293T 

(293T) 

(Adherent 

cells) 

Selected for their high 

transfection efficiency, 

derived from embryonal 

human kidney 293 cell.    

Cells were maintained 

in complete DMEM 

media at 37 °C in a 

humidified 

atmosphere 

containing 5% CO2; 

maintained at 70% cell 

confluence; split at a 

ratio 1:5 every 3 days 

by trypsinisation 

(Section 2.2.3.2), with 

doubling time of 24-

30 hr.  

(490) 

Table 2.3: Cell line information. 
 

2.2.3.1 Cell line culture media and maintenance  

The cell culture media contained supplements to sustain the survival and growth of CLL cell 

lines (MEC1 and HG-3) and adherent cells HEK293T. MEC1 and HEK293T cell lines were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM), (Gibco, ThermoFisher Scientific) 
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supplemented with 2 mM L-glutamine (1% L-glutamine), 50 U/mL penicillin and 50 µg/mL 

streptomycin (1% Pen/ Strep), and Fetal Bovine Serum, heat inactivated (10% FBS), (Gibco, 

ThermoFisher Scientific). The HG-3 cell line were cultured in complete RPMI medium. Of 

note, cell culture media containing supplements is referred in this project as ‘complete 

DMEM’ or ‘complete RPMI’ cell culture media. Unless otherwise stated.  

MEC1 cells were passaged every 3 days in fresh complete DMEM medium, maintaining a 

concentration of 0.5-2 x 106 cell/mL. Similarly, HG-3 cells were passaged in fresh complete 

RPMI medium every 3 days, maintaining a cell density of 0.5-1 x 106 cell/mL. Adherent 

HEK293T cells were passaged in fresh RPMI medium when they reached a confluency 

greater than 80%. If these cell lines were required for experiments, they were passaged 

overnight to ensure that the suspension cells were at their maximum growth rate and 

adherent cells were at their optimal confluency (80%). 

 

2.2.3.2 Trypsinisation of adherent cell lines 

To detached confluent HEK293T cells from the T75 flasks, first the media was completely 

removed as it deactivates trypsin. The cells were then washed with 10 mL PBS before 3 mL 

pre-warm trypsin-EDTA (0.25%), phenol red (Gibco, ThermoFisher Scientific) was added to 

the cells and incubated for 2 mins at 37 °C. The flask was gently tapping to detach the 

remaining adherent cells and checked under the microscope to ensure 90% detachment of 

cells. Following trypsin treatment, an equivalent volume of complete DMEM was added 

before RT centrifugation at 300xg for 5 min. A second wash with complete DMEM was 

applied before seeding the cells at the appropriate concentration in a plate/flask. 

 

2.2.3.3 Stock maintenance and cryopreservation of cell lines 

Maintenance of the cell lines was achieved by expanding a master stock, creating multiple 

early passaged stocks at a concentration of 2-5 x 106 cells/cryovial. Prior to 

cryopreservation, cell lines were passaged to ensure that the suspension cells were at their 

maximum growth rate and the adherent cells were at their optimal confluency. Importantly, 

the cells were examined for cell viability via trypan blue prior to freezing stocks to guarantee 

healthy stock of cells. The cryopreservation procedure of cell lines followed the same 

method as primary CLL cells (Section 2.2.1.3). 
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To thaw fresh stocks of cell lines, vials were removed from liquid N2 and immediately 

thawed in 37 °C water bath as described for primary CLL cells (Section 2.2.1.4). Slowly, 10 

mL pre-warmed complete DMEM/RPMI medium was added to the cells, then the cells were 

centrifuged at 300xg for 5 min at RT. The previous step was repeated twice to guarantee 

the removal of freezing buffer. The cells then were transferred into appropriate flask and 

maintained with accordance to the DSMZ guidelines (Table 2.3).  

 

2.2.4 Inhibitor treatments and cell stimulations 

2.2.4.1 Inhibitors 

As this project focused on the BCR signalling pathway, more specifically PI3K/AKT signalling 

pathway regulation of FOXO1 protein, ibrutinib (IBR; BTK inhibitor) a first line therapy for 

CLL patient was used either alone or in combination with a number of DUB inhibitors 

including selective USP7 inhibitors (P5091, HBX19818), and less selective DUB inhibitors 

(PR-619, WP1130). Further details of individual inhibitors proprieties are described below: 

Ibrutinib (formerly known as PCI-32765) is a potent, irreversible inhibitor that covalently 

binds to BTK at cysteine 481 binding site, blocking BCR downstream signalling which is 

critical for CLL cell survival and proliferation (262). It was approved by the FDA in 2014 and 

was initially administrated for R/R CLL patients, and it is now widely used as first line therapy 

for patients with del(17p) (263, 491).  

P5091 exhibits potent, selective, and specific deubiquitylating activity inhibiting USP7. The 

inhibition of USP7, leads to HDM2/MDM2 degradation and upregulation of p53 and 

p21Waf1/Cip1 levels (not dependent on p53 status) in a time- and dose-dependent manner 

(460). The IC50 was 8.2 µM for USP7 in MEC1 cells (460). P5091 is shown to inhibit USP7 

without blocking proteasome activity in cells, leading to overcoming the resistance of 

conventional therapies such as dexamethasone, doxorubicin as well as bortezomib in MM 

(462). 

HBX19818 is a selective USP7 inhibitor covalently binds to cysteine 223 in USP7 active site, 

leading to inactivation of USP7 (492). HBX19818 inhibition of USP7 resulted in 

destabilisation of MDM2 by increasing its polyubiquitination, leading to a strong induction 

of functional activation of p53 (492).  
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PR-619 is a reversible, non-selective inhibitor of the DUB family (493). This inhibitor is a cell 

permeable pyridinamine class with a broad spectrum of targets including USP 2, 4, 5, 7, 8, 

9X, 10, 14, 15, 16, 19 ,20, 22, 28, 47, 48 (493). PR-619 is reported to increase 

polyubiquitination of proteins in a dose and time-dependent manner and a half maximal 

effective concentration (EC50) of 6.86 µM for USP7 (493).  

WP1130 is a partially selective DUB inhibitor able to directly inhibit USP9x, USP5 and USP14 

activities, and has been reported to rapidly induce the accumulation of polyubiquitinated 

K48 and K63 linked proteins without effecting 20S proteasome activity (494).  

The inhibitors (purchased from Selleckchem, Stratech Scientific Ltd), were dissolved in 

DMSO as instructed by the manufacturer. Aliquoted inhibitors were stored at -80 °C for a 

maximum of 2 years. Of note, the inhibitors were freshly prepared, and the concentration 

was adjusted to obtain the appropriate working concentration by diluting the aliquoted 

inhibitors in complete RPMI/DMEM medium (Table 2.4). An adjusted concentration of 

DMSO was also included as a vehicle control or no drug control (NDC) for drug treatment.  

Inhibitor Stock 

Concentration 

M.Wt* Diluent Working 

Concentration 

for primary 

CLL cells+ 

Working 

concentration 

for CLL cell 

lines+ 

Ibrutinib 10 mM 440.5 DMSO 1 µM 1 µM 

P5091 10 mM 348.22 DMSO 2 µM 10 µM 

HBX19818 10 mM 421.96 DMSO 8 µM 10 µM 

PR-619 50 mM 223.28 DMSO 2 µM 3 µM 

WP1130 10 mM 384.27 DMSO 1 µM 2 µM 

Table 2.4: Information about inhibitor preparation. 
*Molecular Weight. + Treatment concentration of inhibitors used in the experiments, unless 
otherwise stated.  

 

2.2.4.2 BCR stimulation with αIgM F(ab')2 Fragments  

Soluble αIgM F(ab')2 fragments (Stratech Scientific Ltd) were used at a concentration of 10 

µg/mL to continuously stimulate BCR by mimicking soluble antigen exposure of primary CLL 

cells for series of durations ranging from 30 min to 48 hr, incubated at 37 °C. Primary CLL 

cells (0.7-1 x 107/condition) were incubated in 1 mL of complete RPMI medium, pre-treating 
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with drug inhibitors (Ibrutinib, PR-619, P5091, or WP1130) or DMSO/vehicle control for 30 

min prior to BCR stimulation with F(ab')2 or left unstimulated (US/control). 

 

2.3 SDS-PAGE and Western blotting 

2.3.1 Preparation of cell lysate 

Following drug treatment (Table 2.4) and/or cell stimulation (Section 2.2.4.2), at a cell 

density of 7-10 x 106/condition for primary CLL cells or 1 - 2 x 106/condition for cell lines, 

the cells were transferred from tissue culture plates to 1.5 mL Eppendorf tubes to be 

washed twice in 1 mL of ice-cold PBS by centrifugation for 5 min at 4o C and 300xg. The 

pellets were then resuspended in 30 – 50 µL of cell lysis buffer (20 mM Tris (pH 7.4), 2 mM 

EDTA, 1% Triton, 1 mM dithiothreitol (DTT)), accompanied with 1:10 dilution of stock of 

protease inhibitor (tablet/1 mL) and phosphatase inhibitor (tablet/1 mL) (Roche). The pellet 

then was mixed by vortexing the tubes for 30 seconds (sec) and incubated on ice for 20 min 

with periodic vortexing, and a 30 sec final vortex. Following protein lysate incubation, the 

tubes were centrifuged at 14000xg for 20 min at 4 °C. The supernatants were then 

transferred into new tube and stored at -20 °C freezer. For the purpose of protein 

quantification, a 5 µL was taken from each lysate and transferred into 0.5 mL Eppendorf 

tubes, to minimise freeze thaw cycle. 

 

2.3.2 Protein quantification 

The concentration of protein lysates was determined using bicinchoninic acid assay (BCA) 

protein assay kit (Pierce, ThermoFisher Scientific), following the manufacturer instructions 

for microplate procedure. The absorbance was read using Spectramax M5 plate reader 

(MDS Analytical Technologies). A standard curve was generating to calculate protein 

concentrations using Microsoft Excel, with BSA standard curve concentration range from 

125-2000 µg/mL.  
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2.3.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

Protein electrophoresis was performed using NuPAGE® Novex® pre-cast 4-12% Bis-Tris gels 

with Invitrogen Xcell SureLockTM Mini cell system and all the buffers used were purchased 

from Invitrogen, TheromFisher Scientific. Protein lysates were mixed in a ratio of 1:4 of 4x 

NuPAGE LDS sample buffer (106 mM Tris HCl, 141 mM Tris Base, 2% LDS, 10% Glycerol, 0.51 

mM EDTA, 0.22 mM SERVA Blue G250, 0.175 mM Phenol Red (pH8.5)), and 1:10 10X 

NuPAGE reducing agent with distilled water to reach an equal final volume. The samples 

were denatured using a heated plate at 70 °C for 10 min, then briefly centrifuged for 5 sec. 

The samples were then loaded alongside a protein leader (HyperPAGE, Bioline) and protein 

electrophoresis ran using 120 voltages for 105 min with 1x NuPAGE MOPS running buffer 

(50 mM 3-(N-morpholino) propane sulfonic acid (MOPS), 50 mM Tris-Base, 305 mM SDS, 1 

mM EDTA (pH7.7)) until the dye front reached the bottom of gel. Gels were then placed on 

‘activated’ polyvinylidene difluoride (PVDF) transfer membranes, 0.45 µM (ThermoFisher 

Scientific), which was previously incubated in 100% methanol (Sigma) for 30 sec. 20X 

NuPAGE transfer buffer (25 mM bicine, 25 mM Bis-Tris, 1.0 mM EDTA, 50 µM Chlorobutanol 

(pH7.2)) was diluted to 1x in distilled water and 10% methanol. Protein transfer was 

performed using the gel/membrane sandwich method, which consisted of 1.0 mm gel 

blotting paper (Whatman PLC) and sponges. Invitrogen XCell IITM Blot Module was used to 

perform membrane transfer running at 30 voltages for 90 min. 

 

2.3.4 Western blotting 

PVDF membranes were washed for 5 min in Tris-buffered saline with 0.1% Tween ® 20 

detergent (TBST) (10 mM Tris-HCl, 50 mM NaCl, 0.1% Tween 20 (pH7.4)) then blocked with 

5% non-fat milk in TBST for 1 hr, unless otherwise stated. The membranes were washed 

four times, 5 min/wash with TBST, and were incubated overnight at 4 °C on a roller with 

primary antibodies (Table 2.5). Primary antibodies were prepared following manufacturer’s 

instructions, unless otherwise stated. Following incubation, membranes were washed four 

times with TBST for 5 min/wash, and then incubated at RT on a roller for 1 hr with the 

appropriates species of horseradish peroxidase (HRP)-conjugated secondary antibodies 

(Cell Signalling Technology) or fluorescent secondary antibodies (Li-Cor). Secondary 

antibodies were prepared following the manufacturer’s datasheets (Table 2.5). Following  
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Specificity Species Dilution Dilutant Cat. Manufacturer 

AKT Rabbit 1:2000 5% BSA 9272 CST ® 

p-AKT (Ser473) Rabbit 1:2000 5% BSA 4060 CST ® 

β-Actin* Rabbit 1:1000 5% BSA 3700 CST ® 

BIM Rabbit 1:1000 5% BSA 2933 CST ® 

cMYC Rabbit 1:1000 5% BSA ab32072 Abcam ® 

FOXO1# Rabbit 1:1000 5% BSA 2880 CST ® 

p-FOXO1 (Thr24) Rabbit 1:1000 5% BSA 9464 CST ® 

FOXO3a Rabbit 1:1000 5% BSA 2497 CST ® 

p-FOXO3a 
(Thr32) 

Rabbit 1:1000 5% BSA 9464 CST ® 

FOXO4 Rabbit 1:1000 5% BSA 9472 CST ® 

GAPDH* Rabbit 1:1000 5% Milk 5174 CST ® 

HAUSP/USP7# Rabbit 1:1000 5% BSA 4833 CST ® 

Lamin A/C* Rabbit 1:1000 5% BSA 2032 CST ® 

MCL1 Rabbit 1:1000 5% BSA 5453 CST ® 

p-p44/42 MAPK 
(Erk1/2) 

Rabbit 1:2000 5% BSA 4370 CST ® 

p21Waf1/Cip1 Rabbit 1:1000 5% BSA 2947 CST ® 

p27Kip1 Rabbit 1:1000 5% BSA 3686 CST ® 

p53 Mouse 1:500 5% Milk Sc-126 Santa Cruz ® 

PTEN Rabbit 1:1000 5% BSA 9559 CST ® 

TRIM21# Rabbit 1:1000 5% BSA 92043 CST ® 

β-Tubulin* Rabbit 1:1000 5% BSA 2128 CST ® 

USP1 Rabbit 1:1000 5% BSA 8033 CST ® 

USP8 Rabbit 1:1000 5% BSA 8728 CST ® 

USP9x# Rabbit 1:1000 5% Milk 14898 CST ® 

USP10 Rabbit 1:1000 5% Milk 5553 CST ® 

USP14 Rabbit 1:1000 5% BSA 11931 CST ® 

USP18 Rabbit 1:1000 5% BSA 4813 CST ® 

USP28 Rabbit 1:1000 5% BSA 4217 CST ® 

ZAP-70 Mouse 1:2000 5% Milk 610239 BD Biosciences ® 

Rabbit IgG 
control+ 

Rabbit - IP lysis 
buffer 

Ab37415 Abcam ® 

Anti-rabbit goat 
IgG, HRP-linked 

Rabbit 1:1000 5% Milk 7074 CST ® 

Anti-mouse horse 
IgG, HRP-linked 

Mouse 1:1000 5% Milk 7076 CST ® 

IRDye®680RD 
Goat-anti Rabbit 
IgG 

Rabbit 1:15000 TBST 926-
68071 

Li-Cor ® 

IRDye®800CW 
Goat-anti Mouse 
IgG 

Rabbit 1:15000 TBST 827-
08364 

Li-Cor ® 

Table 2.5: Western blot and co-immunoprecipitation (co-IP) antibodies information.  
*Protein loading controls. #These antibodies used for immunoblotting and co-immunoprecipitation 
(co-IP). +This antibody was used in co-IP as a rabbit IgG control. 
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the incubation with secondary antibodies, membranes were washed in TBST four times for 

5 min/wash, and immunodetection was carried out using the Immobilon® Forte Western 

HRP Substrate (Sigma) by Li-Cor Odyssey® which was connected to Image StudioTM Lite 

v5.2 software. 

 

2.3.5 Densitometry analysis  

Images generated by the Li-Cor System (Section 2.3.4) were further analysed in Image 

StudioTM Lite v5.2 software with densitometry carried out following the manufacturer 

instructions. Quantification of protein expression was performed by adjusting the 

background noise using the software to remove saturated pixels from analysis, then 

selecting the band of interest using a rectangle shape tool for quantification. The 

densitometry was determined by signal values (total pixel intensity for the rectangle shape 

minus the background and area values). Signal values of protein then normalised to signal 

values of loading control band as described previously (484).  

 

2.4 FOXO1 regulation assays 

2.4.1 Co-Immunoprecipitation (co-IP) 

To pull down protein, immunoprecipitation Pierce Crosslink IP kit (ThermoFisher Scientific) 

was used according to the manufacturer’s instructions. In brief, following drug treatment 

(Table 2.4) and/or cell stimulation (Section 2.2.4.2), at a cell density of 10-15 x 106/condition 

for primary CLL cells or 2-4 x 106/condition for cell lines, the cells were transferred from 

tissue culture plates to 1.5 mL Eppendorf tubes to be washed twice in ice-cold PBS by 

centrifugation for 5 min at 4 °C and 300xg. The mass of cell pallets was measured to 

determine the volume of the immunoprecipitation (IP) lysis buffer (10:1 volume/weight). 

Notably, we routinely obtain pallet weights of about 50 mg that require 500 mL of IP lysis 

buffer. The pellets were then resuspended in 500 mL ice-cold IP lysis buffer (2 × 50 mL, 

0.025M Tris, 0.15M NaCl, 0.001M EDTA, 1% NP-40, 5% glycerol; pH 7.4), supplemented with 

1:10 dilution of stock of protease inhibitor (tablet/1 mL) and phosphatase inhibitor 

(tablet/1 mL), followed by 10 min incubation on ice and periodically vortexed during 

incubation. Following the incubation, the cell lysates were centrifuged at 13000xg for 10 

mins in pre-cold 4 °C centrifuge. The supernatant was transferred into a fresh 1.5 Eppendorf 
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tube, and 2-3% of the whole cell lysate (WCL) was transferred into a fresh 0.5 Eppendorf 

tube to serve as a control for WCL/condition.  

To reduce the non-specific binding of proteins, the cell lysates were pre-cleared with 80 µL 

of agarose resin slurry for 1 hr with gentle end-over-end mixing at 4 °C. After pre-clearing, 

the concentration of the lysate was measured as described in (Section 2.3.2). Of note, the 

concentration of antibody or IgG control used in these co-IP experiments were optimised 

to 1 µg for a total protein centration of 500 µg/condition.  

The binding of antibody to protein A/G plus agarose was incubated on a rotator at RT for 1 

hr, followed by crosslinking with disuccinimidyl suberate (DSS) for 1 hr at RT. The 

crosslinking step was employed to minimise eluted antibodies as well as minimising the 

heavy and light chain in the immunoblots. The antibodies used in the co-IP experiments are 

listed in (Table 2.5). 

The pre-cleared lysate was added to the antibody-crosslinked resin and incubated overnight 

with gentle end-over-end mixing. Following the overnight incubation, the supernatant of 

unbound proteins was removed from the resin by centrifugation for 1 min at 1000xg, and 

2-3% was transferred into a fresh 0.5 mL Eppendorf tube to serve as a control ensuring the 

efficacy of the co-IP.  

To elute co-IP proteins, the bound proteins were incubated with 10 µL of elution buffer (50 

mL, pH 2.8, contains primary amine), and incubated at RT for 10 min before centrifugation. 

A second elution was performed using 30 µL of elution buffer, followed by an additional 10 

mins incubation before centrifugation. The eluted proteins were neutralised with 3 µL 1M 

Tris (pH=9.5) and prepared for SDS-PAGE according to the manufacture protocol (Figure 

2.1). 

Lastly, Since the antibodies were crosslinked to the resin, the agarose beads were stored in 

1x coupling buffer (25 mL, when diluted results in 0.01M sodium phosphate, 0.15M NaCl; 

pH 7.2) at 4 °C and reused for a maximum of three co-IP experiments. 
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Figure 2.1: FOXO1 co-IP controls.  
FOXO1 and IgG control co-immunoprecipitation (co-IP) in MEC1 cells were accompanied by blots of 
whole cell lysate (WCL) or Input and unbound proteins to ensure the efficacy of the co-IP.  

 

2.4.2 Mass spectrometry  

To identify specific FOXO1 interaction partners, mass spectrometry (MS) was performed on 

co-IP of FOXO1 from unstimulated and F(ab')2-stimulated primary CLL cells. Primary CLL 

cells were thawed (Section 2.2.1.4) and incubated overnight in RPMI, followed by cell 

counting (Section 2.2.1.2) and plating at a concentration of (10-15 x 106/condition) for 

treatment. Cells were either unstimulated or stimulated with F(ab')2 for 0.5 hr before 

harvesting and performing co-IPs (Section 2.4.1) with FOXO1 or IgG control antibodies 

(Table 2.5). Eluted FOXO1 co-IP and IgG control (40 µL/condition) were sent to Glasgow 

Polymics to perform Nanoflow HPLC Electrospray Tandem Mass Spectrometry (nLC-ESI-

MS/MS) using two 6plex Tandem Mass Tag (TMT) systems (ThermoFisher Scientific).  

Here is a brief description of the methodology which was used by Glasgow Polymics to 

process the samples for MS. Prior to starting Filter Aided Sample Preparation (FASP) step, 

the samples were reduced. Briefly, FASP was performed by mixing 30 µL of protein extract 

with 200 µL of UA (8M urea (Sigma, U5128) in 0.1M Tris/HCL pH 8.5) in a filter unit and 

centrifuge at 14,000xg for 15 min. The filter unit was washed again with 200 µL of UA and 

the flow-through was discarded.  100 µL IAA (0.05M iodoacetamide in UA prepare 0.1ml 

per sample) solution was added to the filter unit and incubated for 20 min, followed by 

centrifugation for 10 min. The filter unit was washed twice with 100 µL of UA and then twice 

with 100 µL of 50 mM of ammonium bicarbonate. 120 µL of ABC (0.05 M NH4HCO3 in 

water) with trypsin (ratio of 1:100) were added to the filter unit and incubate at 37°C for 4 

hr or overnight. The filter unit then was transferred to new collection tubes and centrifuge, 

followed by washing with 50 µL of ACN (10% Acetonitrile in water) and acidification of the 

sample with trifluoroacetic acid (CF3COOH) before drying in a vacuum centrifuge. 
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The second step was peptide TMT labelling, briefly, TMT Label reagents were equilibrated 

to RT and dissolved in anhydrous acetonitrile. 8 µL of TMT label reagent was added to 9 µg 

of reduced and alkylated protein digest, ensuring that no more than 100 µg of protein is 

labelled per reaction. The reaction was incubated for 1 hr at RT and then quenched for 45 

min with 5% hydroxylamine. labelled samples were combined at equal amount and store 

at -80 °C, followed by drying down 6 µg of the labelled samples on a 96-well plate for MS 

analysis. 

The TMT-labelled samples were analysed by nLC-ESI-MS/MS, and protein identification and 

quantification were performed using Proteome Discoverer 2.4 (ThermoFisher Scientific) 

software (Figure 2.2). The Sequest search engine was used to interrogate identified protein 

sequences in the Swissprot database using Homo sapiens taxonomy, with a mass tolerance 

of 10 ppm allowed for the precursor and 0.6 Da for MS/MS matching. 

 

Figure 2.2: Mass spectrometry view of raw data.  
The top trace in black represents the full mass spectrometry (MS) spectrum, where peptides are 
detected. Peptides with a minimum amino acid charge of 2+ to 4+ were considered acceptable and 
selected for fragmentation, while those with a single charge were considered contamination (e.g., 
detergents or polymers) and excluded. The second trace in red shows the signals from the 
fragmentation spectrum. The abundance of signals indicates a successful protein identification, 
while a missing signal may suggest interference from iron or contamination. The third trace in green 
represents the pressure of the loaded sample, with a dip at the beginning indicating an unsuccessful 
sample injection. The bottom trace in blue shows the pump pressure, where a deviation or jump in 
pressure indicates a problem with the sample separation. 
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2.4.3 Cellular fractionation 

The translocation of FOXO1 protein was examined by subcellular fractionation to 

understand how cells respond to drug inhibition of BCR signalling and DUB enzymes in 

F(ab')2 stimulated and unstimulated primary CLL cells. Following drug treatment (Table 2.4) 

and/or cell stimulation (Section 2.2.4.2), at a cell density of 7-10 x 106/condition for primary 

CLL cells or 1-2 x 106/condition for cell lines, primary CLL cells were pre-treaded for 30 min 

with inhibitors, followed by 30 min F(ab')2 stimulation, whereas cell lines received 1 hr 

treatment with the inhibitors alone. The nuclear and cytoplasmic protein were generated 

by using Nuclear Extraction Kit (Active Motif), and WCL was obtained as a positive control.  

The cellular fractionation was generated accordance to ‘preparation of subcellular 

fractions’ protocol (484). Briefly, during the treatment time of the cells, the reagents were 

prepared and kept on ice. The cells were mildly lysed with 50 µL of 1x hypotonic buffer for 

15 min on ice, followed by the addition of 2.5 µL of detergent and vortex for 10 sec to 

generate the cytoplasmic fraction. The nuclear fraction was then generated by adding 50 

µL of complete lysis buffer (add 0.5 µL of protease inhibitor cocktail, 5 µL of 10 mM DTT, 

and 2.5 µL of detergent to 42 µL of lysis buffer), and incubated for 30 on ice. To quantify the 

protein lysates, 5 µL lysate was transferred into 0.5 mL reaction tube to perform a BCA assay 

(Section 2.3.2) and prepared for running on SDS-PAGE (Section 2.3.3) or stored at -80 °C 

until required.   

 

2.4.4 FOXO1 activity  

FOXO1 transcription factor activity was examined using a DNA-binding ELISA 96 plate 

TransAM® FKHR (FOXO1) Transcription Factor ELISA Kit (Active Motif).  

The TransAM protocol requires a nuclear fraction to study FOXO1 activity, therefore, cellular 

fractionation was followed to obtain nuclear fraction (Section 2.4.3). The protocol for 

FOXO1 activity kit was followed according to the manual provided by the manufacturer. In 

brief, the protein content of the nuclear fraction was quantified and an equal concentration 

of 10-15 µg of total protein was used for all samples. To monitor the specificity of the assay, 

controls were used including, positive control ‘Raji nuclear extract’, negative control ‘blank’, 

competitive binding using wild type (WT) and mutated consensus oligonucleotides as 

competitor for FKHR binding (Figure 2.3). The plate was incubated with 100 µL developing 

solution for 10 min and the reaction was stopped by adding 100 µL stop solution. The 
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absorbance was read at 450 nm using SpectraMax M5 microplate reader (Molecular 

Devices), within a maximum of 5 min of adding the stop solution. The data were analysed 

using Microsoft Excel and GraphPad Prism software v9.4.1. 
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Figure 2.3: FOXO1 DNA binding activity controls.  
To monitor the specificity of the assay, controls were used including, positive control ‘Raji nuclear 
extract’, negative control ‘blank’, competitive binding using wild type (WT) and mutated consensus 
oligonucleotides as competitor for FKHR binding. The absorbance was read at 450 nm using 
SpectraMax M5 microplate reader. 

 

2.5 Quantitative PCR 

2.5.1 RNA extraction 

RNA was extracted from cell lines (HG3 and MEC1; 1-2 x 106/mL) or primary CLL samples 

(0.5-1 x 107/mL) by washing the cells in sterile ice-cooled PBS and pelleting by centrifugation 

for 5 min at 300xg. The extraction of RNA was performed using the RNA-Easy mini kit 

following the manufacturer instructions (QIAGEN). The concentration of RNA was 

determined using a NanoDrop spectrophotometer (ThermoFisher Scientific). Of note, RNA 

concentration measuring unit (ng/µL), and the ratios of 260/280 and 260/230 were 

considered to determine the quality of the extracted RNA. RNA samples were stored in -80 

°C freezer. 
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2.5.2 Reverse transcription PCR 

Following RNA extraction, cDNA synthesis was prepared with the SuperScriptTM III Reverse 

Transcriptase kit (Invitrogen, ThermoFisher Scientific), using 500 ng/condition of RNA in 20 

µL reaction volume. The reaction of cDNA synthesis was generated using ProFlex PCR 

system (ThermoFisher Scientific), and the manufacturer’s instructions were followed to 

syntheses cDNA. To monitor contamination and quality of the reaction, reverse 

transcriptase negative was used as control. Briefly, in a nuclease-free microcentrifuge tube 

the following components were mix (Table 2.6). Of note, RT-PCR grade water (ThermoFisher 

Scientific) was used in the reaction mix and to dilute the synthesised cDNA in a ratio of 1:50. 

The diluted cDNA was then stored at -20 °C until required. 

Volume Components 

1 µL Oligo (dT)12-18 

1 µL 10mM dNTP Mix 

500ng RNA 

Final volume of 13 µL RT-PCR grade water 

Heat mixture to 65 °C for 5 min, then incubate on ice for 1 min.  

4 µL 5x first-strand buffer 

1 µL 0.1 M DTT 

1 µL RNaseOUT Recombinant RNase Inhibitor 

1 µL SuperScript ™ III RT 

Incubate at 50 °C for 60 min and then inactivate the reaction by heating at 70 °C for 

15 min. 

Table 2.6: cDNA synthesis mix.  
The 10 mM dNTP Mix contained (10 mM each dATP, dGTP, dCTP and dTTP at neutral pH) 
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2.5.3 TaqMan® Real-Time qPCR 

Quantitative PCR was carried out using a TaqMan® 2X Universal PCR Master Mix 

(ThermoFisher Scientific). The TaqMan® Gene Expression Assay (FAM) probes detected 

human gene expression changes (Table 2.7). A total volume of 10 µl/reaction was prepared 

in a MicroAmpTM Optical 384 or 96 reaction plate (ThermoFisher Scientific), consisting of 5 

µL TaqMan® 2X Universal PCR Master Mix, 0.5 µL appropriate TaqMan® Gene Expression 

Assay, 2 µL cDNA, 2.5 µL nuclease-free water. Each sample was assayed in triplicate, with 

the presence of two negative controls: nuclease-free water and negative reverse 

transcriptase control. Wells were sealed with MicroAmpTM Optical Adhesive Film 

(ThermoFisher Scientific) and centrifuged for 5 min at 300xg. The plates then were inserted 

into an Applied Biosystems 7900 Fast Real-Time PCR System thermal cycler, which was 

programmed to complete 40 cycles. Each cycle consisted of 50 °C for 2 min, 95 °C for 10 

min, 95 °C for 15 sec, and 60 °C for 1 min. The results were analysed using Sequence 

Detection Systems software v 2.3 (Applied Biosystems). The cycle threshold (CT) was 

calculated for reference gene and target gene. The results were calculated by ∆∆CT method 

and generated by Microsoft Excel and GraphPad Prism software v9.4.1 (GraphPad Software, 

Inc.). 
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Gene 
Name 

Species Chromosome Location Assay ID Manufacturer 

18S Human N/A Hs99999901_s1 ThermoFisher 
Scientific ® 

B2M Human Chr.15: 44711487 - 
44718159 

Hs00984230_m1 ThermoFisher 
Scientific ® 

BBC3 Human Chr.19: 47220822 - 
47232998 

Hs00248075_m1 ThermoFisher 
Scientific ® 

BCL2L1 Human Chr.20: 31664452 - 
31723999 

Hs00236329_m1 ThermoFisher 
Scientific ® 

BCL2L11 Human Chr.2: 111120914 - 
111168445 

Hs00153408_m1 ThermoFisher 
Scientific ® 

CCND2 Human Chr.12: 4273736 - 
4305356 

Hs00153380_m1 ThermoFisher 
Scientific ® 

CCNG2 Human Chr.4: 77157204 - 
77170060 

Hs00171119_m1 ThermoFisher 
Scientific ® 

CFLAR Human Chr.2: 201116015 - 
201172688 

Hs01116280_m1 ThermoFisher 
Scientific ® 

FOXO1 Human Chr.13: 40555664 - 
40666597 

Hs01054576_m1 ThermoFisher 
Scientific ® 

FOXO3 Human Chr.6: 108559823 - 
108684769 

Hs00818121_m1 ThermoFisher 
Scientific ® 

FOXO4 Human Chr.X: 71096149 - 
71103534 

Hs00936217_g1 ThermoFisher 
Scientific ® 

GADD45A Human Chr.1: 67685177 - 
67688338 

Hs00169255_m1 ThermoFisher 
Scientific ® 

GAPDH Human Chr.12: 6534405 - 
6538375  

Hs99999905_m1 ThermoFisher 
Scientific ® 

IGF1R Human Chr.15: 98648539 - 
98964530 

Hs00609566_m1 ThermoFisher 
Scientific ® 

MCL1 Human Chr.1: 150574551 - 
150579738 

Hs01050896_m1 ThermoFisher 
Scientific ® 

MYC Human Chr.8: 127736069 - 
127741434 

Hs00153408_m1 ThermoFisher 
Scientific ® 

SESN3 Human Chr.11: 95165513 - 
95232541 

Hs00914870_m1 ThermoFisher 
Scientific ® 

TRIM21 Human Chr.11: 4384897 - 
4393696 

Hs00172616_m1 ThermoFisher 
Scientific ® 

USP7 Human Chr.16: 8892094 - 
8963912 

Hs00931763_m1 ThermoFisher 
Scientific ® 

USP8 Human Chr.15: 50424359 - 
50501083 

Hs00987105_g1 ThermoFisher 
Scientific ® 

USP9x Human Chr.X: 41085420 - 
41236579 

 Hs00245009_m1 ThermoFisher 
Scientific ® 

USP14 Human Chr.18: 158483 - 213739 Hs00193036_m1 ThermoFisher 
Scientific ® 

ZAP-70 Human Chr.2: 97712030 - 
97744327 

Hs00277148_m1 ThermoFisher 
Scientific ® 

Table 2.7: TaqMan Probes for RT-qPCR. 
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2.5.4 Optimisation and selection of RT-qPCR housekeeping genes 

Known housekeeping genes, including Glucuronidase beta (GUSB), TATA-box binding 

protein (TBP), Beta-2-microglobulin (B2M), 18S ribosomal RNA (18S), E74-like factor 1 

(ELF1), and Eukaryotic initiation factor 2B subunit 1 (EIF2B1). were tested in primary CLL 

cells and cell lines MEC1 and HG-3. The CT value was used to determine the optimum 

housekeeping control for our quantitative PCR analysis. The data indicated that the TaqMan 

primer B2M was the optimum housekeeping control for primary and cell lines cells (Figure 

2.4). 

 

Figure 2.4: Optimisation of housekeeping genes for primary CLL cells and cell lines.  
RT-qPCR to assess transcription levels of GUSB, TBP, B2M, 18S, ELF1, and EIF2B1, in (a) primary CLL 
cells, (b) MEC1 cells, and (c) HG-3 cells. The CT value was used to produce these figures. Data 
expressed as the mean with SD. 
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2.6 Flow Cytometry 

Antibodies/flow cytometry reagents were purchased from (BD Biosciences), unless 

otherwise stated (Table 2.8).  

Description Reactivity Format Dilution 

Ratio* 

Manufacturer 

7-AAD Human PerCP-Cy5-5-A 1:40 BD Biosciences ® 

Annexin V Human FITC 1:40 BD Biosciences ® 

Annexin V Human APC 1:40 BD Biosciences ® 

CD4 Human PE 1:40 BD Biosciences ® 

CD5 Human FITC 1:40 BD Biosciences ® 

CD19 Human APC-Cy7 1:40 BD Biosciences ® 

DAPI Human Pacific Blue 1:1000 BD Biosciences ® 

Table 2.8: Antibodies for Flow Cytometry.  
*The stains and antibodies were diluted in Hank’s Balanced Salt Solution (1xHBSS), or PBS.  

 

2.6.1 Cell viability staining and apoptosis analysis 

The viability of cells in the presence and absence of drug treatments (Table 2.4) were 

assessed by flow cytometry using Annexin V and 7-amino-actinomycin D (7-AAD) staining 

(495). Cells (0.5-1 x 106 cells/condition) were harvested into round bottomed polystyrene 

tubes (FACS tubes) and washed once with diluted pre-cooled Hank’s Balanced Salt Solution 

(10x HBSS; 12.6 mM CaCl2, 4.9 mM MgCl2, 4.1 mM MgSO4, 53.3 mM KCl, 4.4 mM, KH2PO4, 

1379 mM NaCl, 3.36 mM Na2HPO4-7H2O, 55.6 mM Dextrose), (ThermoFisher Scientific) 

diluted 1:10 in distilled water) by centrifugation at 250xg for 5 min at 4 °C, and then 

discarding the supernatant. Following washing, the cell pellet was resuspended in 2.5 µL 

each Annexin V and 7-AAD and mixed in 95 µL HBBS and incubated in the dark at RT for 15 

min to allow staining. The reaction was then quenched with 200 µL 1x HBSS in preparation 

for analysis. A representative FACS plot for Annexin V-FITC and 7-AAD cell staining is shown 

(Figure 2.5). Appropriate controls were included in all experiments: unstained cells and 

single colour controls of dead and live cells. Of note, dead cells controls were prepared by 

adding 70% ethanol to the cells, then centrifuging and discarding the supernatant, followed 

by performing two washes with 1x HBSS buffer. The data were generated by flow cytometry 
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FACSCanto II analyser (BD Biosciences), linked to a FACSDiva software (BD Biosciences). The 

data analysis was generated by FlowJo v10 (Tree Star, Inc.) and GraphPad Prism v9.4.1. 

 

Figure 2.5: Gating strategy for cell viability and apoptosis by Annexin V/7-AAD staining.  
To evaluate cell viability primary CLL cells or cell lines following drug treatment, cells were stained 
with Annexin V/7-AAD staining to differentiate between viable and non-viable cells by flow 
cytometry. (a) Forward scatter (FSC) and side scatter (SSC) were employed to gate viable and non-
viable cells (left panel) and selected for singlets (right panel). (b) A bivariate histogram was then 
selected to detect viable cells (Annexin V-/7-AAD-), early apoptotic (Annexin V+/7-AAD-) and late 
apoptotic cells (Annexin V+/7-AAD+). The percentages of the populations were observed using a 
quadrant gate. 
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2.6.2 Buffy coat purity check 

Following B-cell enrichment (Section 2.2.2), 1 x 106/cells were transferred to a FACS tube 

under sterile conditions and stained with anti-CD4, anti-CD5, anti-CD19 for 15 min at 4 °C, 

in dark. Following staining with the antibodies, cells were washed with 1 mL 1x HBSS and 

centrifuged 300xg for 5 min at 4 °C, the cell pellet was resuspended in 200 µL PBS and kept 

protected from light. Unstained and single stained controls were run alongside the test 

samples. The percentage of CD19+, CD4+ and CD5+ cells in samples were determined by flow 

cytometry. B-cell purity was > 90% as determined by flow cytometry (Figure 2.6). 

 

Figure 2.6: Gating strategy for isolation of buffy coat samples.  
CD19+ B-cells were positively or negatively selected from buffy coat samples with CD20 MicroBeads 
or Pan B-cell Isolation cocktail, respectively. The following gating strategy were performed to detect 
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CD19+ B-cells isolated using CD20 MicroBeads or Pan B-cell Isolation cocktails by flow cytometry. (a) 
forward scatter (FSC) and side scatter (SSC) were used to gate lymphocytes (left panel), and 
subsequently gate for singlets (middle panel). Prior to CD19+ B-cells enrichment, 0.3-0.5 x 106 cells 
were removed to assess the percentage of CD19+ B-cells pre-enrichment (right panel). (b) Positive 
selection post-enrichment using CD20 MicroBeads, the percentage of CD19+ B-cells were identified 
using (bound; left panel), while (flow-through; left panel) were used to ensure efficacy of positive 
enrichment. (c) Negative selection post-enrichment using Pan B-cell Isolation cocktails, the 
percentage of CD19+ B-cells were identified using (flow-through; left panel), while (bound; left 
panel) were used to ensure efficacy of negative enrichment. The percentage of CD19+ B-cells post-
enrichment by positive or negative selection was typically around 90% CD19+ B-cells. 

 

2.6.3 Cell proliferation analysis by Cell trace violet (CTV) 

CTV (ThermoFisher Scientific) was used to trace multiple cell divisions using a dye dilution 

by flow cytometry (496, 497). The MEC1 or HG-3 cells were passaged overnight and then 

seeded into appropriate plate at (1 x 106/ condition). The CTV stain was prepared by 

dissolved the CTV powder in DMSO as instructed by the manufacturer, followed by 1:1000 

dilution ratio in pre-warmed PBS at 37 °C. Prior to CTV staining, the cells were transferred 

into 50 mL falcon tubes and centrifuge at 300xg for 5 min to remove the medium. The cell 

pellet was resuspended in 5 mL in the prepared CTV stain and the cells were incubated in 

dark at 37 °C for 20 min. Following incubation, the stained cells were centrifuge at 300xg 

for 5 min and resuspended after removing the stain in 1:5 (25 mL) of pre-warmed complete 

medium to quench the CTV reaction and stop cell death. The cells were incubated at RT for 

5 mins, then centrifuge at 300xg for 5 min. After removing the complete medium, the cell 

pellet was resuspended in an appropriate volume of medium and seeded into plate ready 

for treatment. At this point, 0.5 mL of cell suspension was transferred to a FACS tube to 

serve as a positive control of day zero and ran on the flow cytometry machine. Of note, 

during the time course (24 hr, 48 hr, 72 hr) of the treatment, the cells were incubated with 

the drugs and 300 µL of cell suspension was used for each time point to examine cell 

proliferation. Additionally, viability stains including Annexin V and 7-AAD were used in the 

analysis (Section 2.6.1) to gate on viable cells as well as including negative and positive 

controls (Figure 2.7). Data were generated by FACS machine and analysed by FlowJo v10 

and GraphPad Prism v9.4.1. 
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Figure 2.7: Gating strategies for CTV staining over three days.  
Tracing Cell division/proliferation of MEC-1 cells upon drug treatment was assessed by celltrace 
violet (CTV) labelling of the cells. (a) Forward scatter (FSC) and side scatter (SSC) were used to gate 
cells (left panel) and select for singlets (middle panel), and Annexin V/7-AAD staining was used to 
select for viable cells (right panel). (b) The viable cells gated in Q4 (Annexin V-/7-AAD-) were used to 
create histogram indicative of the fluorescent intensity of CTV-labelled MEC1 cells across 4 
timepoints: 0 hr (green), 24 hr (blue), 48 hr (black) and 72 hr (red). 

 

2.6.4 Assessment of cell cycle by propidium Iodide (PI) staining 

To observe the effect of drug treatment on the cell cycle of MEC1 cells, PI stain was used to 

quantify the DNA content at different stages of the cell cycle, including G0/G1, S, and G2/M 

by flow cytometry. A day prior to the experiment, MEC1 cells were passaged overnight and 

then seeded at a concentration of 1 x 106/condition for treatment (Table 2.4). Following 

drug treatment, the cells were collected and transferred into FACS tubes and washed twice 

in 1 mL of pre-cooled PBS, where each wash was followed by 4 °C centrifugation at 200xg 

for 5 mins to remove PBS. The fixation and permeabilization of the cells were performed by 

adding 1 mL of ice-cold 80% ethanol (Sigma) dropwise while voretexing the FACS tube, to 

minimise clumping and ensure thorough fixation of the cells. The cells were fixed overnight 

in -20 °C and can be stored for up to 2-3 weeks. To prepare the cells for staining after 
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fixation, the cells were washed twice by 1 mL of pre-cold PBS, then centrifuged for 5 min at 

850xg. The cells were stained for 15 min in the dark at RT with 400 µL of PI/RNase staining 

buffer (BD biosciences). This stain containing RNase to remove RNA as PI stain both DNA 

and RNA. Following the incubation with the stain, the cell cycle assay was observed by flow 

cytometry (Figure 2.8). The data then were analysed using FlowJo v10 and GraphPad Prism.  

 

Figure 2.8: Gating strategies for cell cycle analysis PI staining.  
Cell cycle analysis was performed by propidium iodide (PI) staining to quantify the fraction of cells 
in each phase of the cell cycle (G1/0, S and G2) in response to cell drug treatment. (a) Forward 
scatter (FSC) and side scatter (SSC) were used to gate cells (left panel) and select for singlets (right 
panel). (b) DNA content was examined by PI staining using a histogram. The histogram was used to 
identify the DNA content by PI staining for G0/G1, S and G2/M phases of the cell cycle.  
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2.7 short hairpin RNA (shRNA) KD and transfection of MEC1 cells 

2.7.1 Glycerol stocks of shRNA constructs 

The USP7, USP9x and TRIM21 shRNA constructs were obtained from a bacterial glycerol 

stock (Terrific Broth (TB), 100 µg/mL carbenicillin, 15 % glycerol) library (MISSION shRNA; 

Sigma) (Table 2.9). The glycerol stocks of shRNA construct were stored in -80 °C.  

Symbol Clone ID Target sequence Vector ID Region 

USP7 TRCN0000004058 CCTGGATTTGTGGTTACGTTA TRC1 CDS 

USP7 TRCN0000004059 TGTATCTATTGACTGCCCTTT TRC1 3UTR 

USP7 TRCN0000010845 CGTGGTGTCAAGGTGTACTAA TRC1 CDS 

USP7 TRCN0000318521 CCTGGATTTGTGGTTACGTTA TRC2 CDS 

USP7 TRCN0000318578 CCAGCTAAGTATCAAAGGAAA TRC2 CDS 

USP7 TRCN0000349562 CGTGGTGTCAAGGTGTACTAA TRC2 CDS 

USP7 TRCN0000349627 TGTATCTATTGACTGCCCTTT TRC2 3UTR 

USP9x TRCN0000007361 GAGAGTTTATTCACTGTCTTA TRC1 3UTR 

USP9x TRCN0000007362 CGATTCTTCAAAGCTGTGAAT TRC1 CDS 

USP9x TRCN0000007363 CGACCCTAAACGTAGACATTA TRC1 CDS 

USP9x TRCN0000007364 CGCCTGATTCTTCCAATGAAA TRC1 CDS 

USP9x TRCN0000011091 CCACCTCAAACCAAGGATCAA TRC1 CDS 

TRIM21 TRCN0000003986 TGGCATGGTCTCCTTCTACAA TRC1 CDS 

TRIM21 TRCN0000234748 GAAGAGAGATTTGATAGTTAT TRC2 CDS 

TRIM21 TRCN0000234745 TGGAAGTGGAAATTGCAATAA TRC2 CDS 

Table 2.9: shRNA constructs. The shRNA constructs were all purchased from Sigma.  
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2.7.2 shRNA construct 

RNA interference (RNAi) is a biological process that utilises RNA molecules to inhibit gene 

expression and study gene function. shRNA is a sequence of RNA that can integrate into 

DNA and consists of two complementary 19-22 base pair (bp) RNA sequences connected 

by a short loop of 4-11 nucleotides, resembling the hairpin structure found naturally in 

microRNA. The shRNA sequence is transported to the cytoplasm and recognised by Dicer, 

which processes the shRNA into siRNA duplexes. The derived siRNA binds to the target 

mRNA and is incorporated into the RNA-induced silencing complex (RISC), targeting specific 

mRNA degradation. The transduction of shRNA into mammalian cells through viral vectors 

allows for permanent KD of the targeted gene and stable integration of shRNA. The stability 

of this KD offers advantages, including reducing the need for several rounds of transfection 

and increasing reproducibility of results (498). Fluorescent markers such as Green 

Fluorescent Protein (GFP) were included to track cells expressing of shRNAs and assess the 

efficiency of the transfection and transduction processes. 

shRNA mediated KD of USP7, USP9x and TRIM21, expression was performed via lentiviral 

delivery of shRNA plasmid. The following method illustrates the processes of delivering and 

expanding shRNA constructs, generating stably transduced MEC1 cells to evaluate the role 

of USP7, USP9x and TRIM21 on FOXO1 regulation. In addition, the shRNA technique 

required additional plasmids, including VSV-G (envelope vector), HIV-1 (packaging vector), 

GFP and scrambled (SCR) shRNA control. These constructs were generated into Escherichia 

coli, then prepared into glycerol stock by the suppliers Sigma. The pLKO.1-puro and TRC2-

pLKO-puro construct includes ampicillin and puromycin antibiotic resistance genes used for 

the selection of bacterial and mammalian cells, respectively. The TRC1 and TRC2 pLKO 

backbone maps are presented in Figure 2.9 (499).  
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Figure 2.9: TRC1 and TRC2 pLKO backbone vector maps (499). 
Schematic of backbone vectors maps for TRC1 and TRC2 with shRNA inserts. (a) The TRC1-pLKO.1-
puro plasmid is 7,086 bp long and contains an ampicillin resistance (ampR; purple) gene for bacterial 
selection and a puromycin resistance (puroR; blue) gene for mammalian selection. (b) The TRC2-
pLKO-puro plasmid is slightly larger than TRC1, measuring 7,518 bp in length due to the addition of 
the Woodchuck Hepatitis Post-Transcriptional Regulatory Element (WPRE; red), which enhances the 
expression of transgenes delivered by lentivirus (499). 



   
 

  91 

2.7.3 Selection of bacterial clones and inoculation of liquid cultures  

Glycerol stocks were used to isolate plasmid DNA (Table 2.9). To isolate a single bacterial 

clone (Escherichia coli) and acquire purified DNA, the bacterial glycerol stock was opened 

under the flame and a sterile loop was dipped in the glycerol stock then diluted into 500 µL 

of antibiotic-free terrific broth (TB) in a 1.5 mL Eppendorf tube. The culture was incubated 

for 30 min in a shaking heat block at 37 °C. A sample of the culture (50 µL) was plated on 

LB agar plates (InvivoGen) supplemented with 100 µg/mL ampicillin. The LB agar was 

prepared by following the manufacturer's instructions (InvivoGen; Fast-Media LB Agar 

Base), including autoclaving of the mix prior to the addition of ampicillin. Streaking the LB 

agar was performed near a flame to maintain sterility, and the loop was discarded after 

each streak to maximise the separation of bacterial colonies and reduce the risk of 

obtaining a contaminated plasmid. A quality control was prepared by streaking the LB agar 

plate under the flame with a clean loop. The plates were incubated in a humidified 

incubator overnight at 37 °C (Figure 2.10). The next day, four individual bacterial colonies 

were picked and transferred into a 15 mL Falcon tube (Fisher Scientific) containing 5 mL of 

TB supplemented with 100 µg/mL ampicillin or a control containing only TB with 100 µg/mL 

ampicillin. The tubes were then incubated overnight in a shaker at 37 °C (Figure 2.10).  

 

Figure 2.10: DNA purification from bacterial glycerol stock.  
The diagram provides a summary of the purification process for plasmids containing shRNA from 
bacterial glycerol stock. ①Bacterial glycerol stocks containing shRNA were purchased from Sigma 
shRNA MISSION. ②The bacteria were streaked onto LB agar plates, and four single colonies were 
selected for miniprep. ③Miniprep was performed to expand the selected single colonies and 
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determine DNA purity. ④DNA purification was performed using a miniprep kit to purify DNA from 
the bacterial broth. ⑤DNA restriction digest was performed with NcoI-HF and BamHI-HF enzymes 
to determine the presence of the shRNA sequence insert in the purified DNA. At this step, glycerol 
stocks were also generated. ⑥Maxiprep was performed following shRNA validation by restriction 
digest. ⑦ & ⑧ Repeat steps ④ and ⑤, respectively. ⑨The concentration of DNA was 
determined by NanoDrop after verification of plasmid presence by restriction digest and stored at -
20 °C until required. ⑩The purified DNA was used for lentiviral transfection. 

 

2.7.4 Minipreparation ‘Miniprep’  

To prepare plasmid DNA from bacteria, QIAprep Spin Miniprep Kit (QIAGEN) was used 

according to the manufacturer’s instructions. The purified plasmid DNA isolated from the 

miniprep, eluted in 20-30 µL of elution buffer (10 mM Tris·Cl, pH 8.5), was employed to 

verify the presence of a shRNA sequence within the TRC1-pLKO.1-puro and TRC2-pLKO-puro 

cloning vector by restriction digests (Section 2.7.5). Of the 5 mL culture, 4 mL was used for 

miniprep, and the remaining 1 mL was used, after verifying by restriction digests, for 

generating glycerol stocks and maxiprep. Of note, glycerol stocks were generated by mixing 

bacterial broth with 25% glycerol. NanoDrop spectrophotometer was used to determine 

the concentration and purity of the plasmid.  

 

2.7.5 Restriction digests  

The restriction digests were performed to verify the presence of the shRNA sequence insert 

in the purified DNA. The protocol for restriction digests were generated using NEBcloner 

v1.13.0 software (New England Biolabs) and followed according to the manufacturer’s 

protocol. Briefly, 200 ng of purified plasmid, using either the miniprep or maxiprep protocol 

(Section 2.7.4 or 2.7.7), was digested with 1 µL of Ncol-HF (New England Biolabs) and 1 µL 

of BamHI-HF (New England Biolabs) restriction enzymes. 1x CutSmart Buffer (New England 

Biolabs) was added to the reaction and incubated for 30 min at 37 °C. Of note, Ncol-HF and 

BamHI-HF single digests were included, as well as no enzyme control. The restriction digests 

were performed using DNA gel electrophoresis to run the digested DNA samples (Section 

2.7.6). The digestion of TRC1-pKLO.1-puro produced ~1,247 base pairs (bp) insert and 

~5,793 backbone fragments, while the digestion of TRC2-pKLO-puro produced ~1,801 base 

pairs (bp) insert and ~5,671 backbone fragments (Figure 2.9).  
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2.7.6 DNA gel electrophoresis preparation 

1 % agarose gel was prepared by dissolving 1 g agarose powder (Sigma) into 100 mL 1x TAE 

buffer (40 mM Tris, 20 mM acetate, 1 mM EDTA, pH 8.2) into conical flask. The mix was 

gently heated in the microwave to dissolve agarose. The liquid was cooled before adding 10 

µL 10,000X SYBR Safe DNA gel Stain concentrate (ThermoFisher Scientific). The mix was 

subsequently poured into a gel tray and allowed to set.  

Before loading the samples into the wall, 1X TriTrack DNA Loading Dye (ThermoFisher 

Scientific) was added to DNA digest generated in section 2.7.5. The gel then placed inside 

gel box and filled with 1X TAE buffer. A 1kb DNA ladder GeneRuler (ThermoFisher Scientific) 

was used and undigested, single-digestion were used as controls beside the digested DNA 

samples (double-digest). The gel was run at 100 V until reaching 70 % of the gel total length. 

The DNA gel was viewed using the Odyssey Fc Imaging System linked to Image Studio Lite 

v5.2 using the 600 nm channel. 

 

2.7.7 Maxipreparation ‘Maxiprep’  

Following miniprep and verification of the plasmid DNA, 200 µL of bacterial liquid culture 

from the miniprep was transferred to autoclaved conical flasks containing 100 mL TB with 

100 µg/mL ampicillin or control containing only TB with 100 µg/mL ampicillin. The flasks 

then incubated overnight in a shaker at 37 °C.  

The next day, maxiprep was performed using PureLink™ Fast Low-Endotoxin Maxi Plasmid 

Purification Kit (ThermoFisher Scientific) according to the manufacturer’s instructions. DNA 

was eluted in 75-150 µL of elution buffer (10 mM Tris-HCl, pH 8.5, 0.1 mM EDTA). NanoDrop 

spectrophotometer was used to determine the concentration and purity of the plasmid. 

The plasmid DNA was then verified by restriction digests (Section 2.7.5 & 2.7.6), then stored 

at -20 °C until needed. 

 

2.7.8 Transfection of HEK293T cells and generation of lentiviral particles 

The calcium phosphate method was adapted for transfection of HEK293T (500), a highly 

transfectable version of human embryonic kidney 293 cell line, to produce a supernatant 

containing lentiviral shRNA particles that are harvested to transduce MEC1 cells (Figure 
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2.11). The transfection was performed using SCR, GFP positive constructs, target shRNA 

constructs, and medium-only as negative control. Prior to transfection, adherent HEK293T 

cells were seeded with 10 mL complete DMEM medium in 6 cm tissue culture plates 

(Greiner Bio-One) and incubated at 37 °C, 5% CO2. The desired confluency of HEK293T cells 

was between 70-80 %. The media was replaced with 5 mL fresh complete DMEM medium 

before transfection. Two solutions were prepared for each transfection, solution A 

containing (5 µg shRNA construct, 2.5 µg VSV.G envelope vector, 2.5 µg HIV-1 packaging 

vector, 50 µL 2.5 M CaCl2, topped up to 150 µL with sterile distilled water) and solution B 

containing (150 µL 2X HEPES buffered saline (Sigma)). Each solution was prepared 

separately in a 1.5 mL Eppendorf tube, where solution A was vortexed then added dropwise 

to solution B, followed by vigorous bubbling using 1000 µL tip and incubated at RT for 30 

min.  

After incubation, the mixture was introduced dropwise to the plate containing HEK293T 

cells and then swirled and incubated overnight at 37 °C, 5% CO2. The next day, the media 

was discarded and replaced with fresh complete DMEM media/plate of HEK293T cells, and 

incubated for 48 hr at 37 °C, 5% CO2. Following the 2 days incubation, the efficiency of 

HEK293T cell transfection was checked by examining cells transfected with GFP-expressing 

construct using a fluorescence microscope Axio Observer (ZEISS), or flow cytometry. The 

supernatant of HEK293T cells, containing lentiviral particles or only media from the control, 

were collected and filtered through a 0.45 µm filter (Sartorius) to remove any cell debris. 

Each plate of HEK293T cells were then replenished with 5 mL fresh complete DMEM for a 

further incubation of 24 hr at 37 °C, 5% CO2. The media was again collected, filtered and 

freshly introduced to MEC1 cells. The remaining lentiviral was stored in 4 °C for a maximum 

of 3 days.  
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Figure 2.11: Transfection of HEK293T cells and generation of lentiviral.  
HEK293T cells were transfected with shRNA/GFP/SCR constructs, an HIV-1 vector, and a VSV-G 
vector, mixed with calcium chloride and HEPES buffer saline. The media was removed the next day, 
and fresh media was added to the HEK293T cells, followed by incubation for 48 hr. Prior to collecting 
the lentiviral particles, GFP-transfected cells were monitored for transfection efficiency using a 
fluorescence microscope or flow cytometry. After 48 hr of incubation, the supernatant containing 
lentiviral particles was filtered and collected. Fresh media was added to the cells, and they were 
incubated for an additional 24 hr, followed by the collection of the supernatant containing lentiviral 
particles for immediate use in transduction. 

 

2.7.9 Transduction of CLL cell lines 

A day prior to transduction, 2 x 106 cells/condition of early-passaged MEC1 cells were 

seeded in a 6-well plate in 2 mL of fresh complete DMEM medium and incubated overnight 

at 37  °C, 5% CO2. On the first day of transduction, 2 mL of filtered viral supernatant 

containing 10 µg/mL polybrene (Sigma) was added. In parallel, MEC1 cells were transduced 

with GFP, SCR, or with non-transduced MEC1 cells serving as a control to monitor cell 

viability. The cells were incubated for 24 hr at 37  °C, 5% CO2. Following incubation, MEC1 

cells were harvested, centrifuged at 300xg for 5 min, and resuspended in 2 mL of fresh 

complete DMEM medium. The cells were then seeded into a new 6-well plate. An additional 

2 mL of fresh viral supernatant containing 10 µg/mL polybrene (Sigma) was added. The 

plate was incubated for 48-72 hr at 37  °C, 5% CO2. GFP-expressing cells were then examined 

under a fluorescence microscope or by flow cytometry to monitor the efficacy of the 

transduction. 

Prior to puromycin selection, the transduced cells were incubated for 24 hr at 37  °C, 5% CO2 

in fresh complete DMEM media. The next day, 2 µg/mL of puromycin was added to all cells 

GFP control (non-puromycin resistant), SCR, and KD, except for non-transduced control. The 

puromycin-selection of transduced cells was monitored by examining the viability with 
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trypan blue or Annexin V/7-AAD compared to the viability of GFP control. The transduced 

cells were supplied with fresh complete DMEM media supplemented with 2 µg/mL of 

puromycin every 3 days. At 7 and 14 days of puromycin selection, the efficacy of KDs were 

examined by RT-qPCR and Western blotting compared to the SCR control (Figure 2.12). The 

most efficient KDs were further expanded in the presence of 1 µg/mL of puromycin to 

maintain selection pressure. KDs statu were monitored every 14 days at both the gene and 

protein levels and the transduced MEC1 cells passaged up to a maximum of 20 passages. 

 

Figure 2.12: The efficiency of USP7 and USP9x shRNA constructs at knocking down the 
mRNA levels.  
The transcription levels of USP7 and USP9x knockdowns (KDs) in MEC1 cells were assessed by RT-
qPCR in comparison to scrambled (SCR) control. (a) USP7 mRNA levels of shRNA KDs in MEC1 cells 
(Table 2.9). (b) USP9x mRNA levels of shRNA KDs in MEC1 cells (Table 2.9). The ΔΔCT method was 
used to calculate expression levels, where samples were normalised to housekeeping gene B2M. 
Each dot represented an individual datapoint.  
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2.8 Statistical analyses 

The data were analysed using GraphPad prism v9.4.1 software to create a range of tests 

including One-way ANOVA and paired t-tests. Microsoft Excel was used to determine the 

concentration of proteins and normalisation of data generated from densitometry analysis. 

Flow cytometry data were analysed using FlowJo v10 and GraphPad prism v9.4.1 software. 

P-values were calculated by One-way ANOVA as well as unpaired and paired t-test on a 

minimum of at least 3 biological replicates. Additionally, Normality test (Shapiro Wilk test) 

was applied due to t-test and ANOVA test assumption of samples normality. Treated values 

of drug were compared with US or NDC. Mean ± standard error of mean (SEM). * = p ≤ 0.05; 

** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 
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Chapter 3. Profiling the expression levels of FOXO family 
members in primary CLL cells and examining FOXO1 
regulation via the BCR signalling pathway.  

 

3.1 Introduction: 

FOXO transcription factors, widely regarded as tumour suppressors, regulate transcription 

of many genes involved in cell cycle arrest, apoptosis, metabolism, and stress resistance 

(399, 412, 501). The development of therapies targeting components downstream of BCR 

signalling, including ibrutinib (BTK inhibitor) (502) and idelalisib (PI3K inhibitor) (503) has 

transformed management strategies for CLL patients. Indeed, the treatment of relapsed CLL 

or patients harbouring poor prognostic characteristics has significantly improved in the past 

years with the approval of ibrutinib and idelalisib (263, 491, 503, 504). Although durable 

remission has been reported in large number of patients treated with these agents (505), 

CLL remains largely incurable, with drug resistance and relapse a frequent occurrence (506). 

This highlights the necessity to develop novel therapies.  

Previous studies from our group revealed that FOXO1 protein level is overexpressed in CLL 

cells and more distinct in poor prognostic patients (2). The data presented in the paper 

indicated that short-term stimulation of primary CLL cells with F(ab')2 fragments promoted 

upregulation of FOXO1 protein expression. Given the prognostic importance of BCR 

signalling in CLL, we hypothesised that BCR-mediated signalling promoted rapid 

upregulation of total FOXO1 protein expression and FOXO1T24 phosphorylation through 

mTORC2/AKT signalling pathway. FOXO1 has been reported to be regulated by 

phosphorylation, methylation and deubiquitylation (360), and these findings have 

prompted us to investigate a role for DUB enzymes in CLL cells. Although FOXOs has been 

extensively studied in normal and malignant B-cells, little is known about the regulatory 

roles of ubiquitination and deubiquitination of FOXO1 following BCR-mediated signalling or 

its inhibition. 

This chapter investigates mRNA expression of FOXO family members (FOXO1, FOXO3 and 

FOXO4) and number of DUB genes including USP7/9x/14. Moreover, we examined FOXO1 

and DUB proteins expression ex-vivo in CLL patient samples with a wide range of diagnostic 
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characterisations including Binet stages, chromosomal aberration, and treatment status. 

Furthermore, we examined the impact of BCR-mediated signalling and its inhibition with 

ibrutinib as well as DUB inhibitors on CLL cell apoptosis and protein expression.  

 

 

3.2 Specific Aims 

I. Establish the gene and protein expression of FOXO family members ex-vivo in patient 

CLL samples and B-cells from healthy donors. 

II. Examine the effect of BCR ligation on regulating FOXO1 gene and protein expression 

in CLL patient cells and cell lines. 

III. Investigate the effect of BTK inhibitor in regulating FOXO1 protein expression. 

IV. Establish the gene and protein expression of DUBs ex-vivo in patient CLL samples 

and B-cells from healthy donors. 

V. Determine the effect of DUB inhibitors in initiating CLL cell apoptosis. 

VI. Examine the effect of DUB inhibitor in regulation FOXO1 protein expression. 

 

 

 

 

 

 

 

 

 

 

 



   
 

  100 

3.3 Results 

3.3.1 FOXO1 is overexpressed at transcription level in CLL cells compared to 

healthy CD19+ cells 

In a prior study, we demonstrated differential gene expression patterns of FOXO family 

members within a cohort of CLL patient samples, with a significant upregulation in the 

transcription levels of FOXO1 and FOXO4, while FOXO3 exhibited a significant 

downregulation in CLL patient samples (412). To confirm our previous published findings 

regarding the transcriptional profiles of FOXO family members, a new cohort of CLL patient 

samples was selected and the expression of FOXO1, FOXO3 and FOXO4 were investigated 

by RT-qPCR to validate our published observations.  

The gene expression level of FOXO family members FOXO1, FOXO3 and FOXO4 were 

examined ex-vivo in PB-derived CLL cells compared to CD19+ B-cells from healthy donors 

(healthy control). The gene expression levels of FOXO family members in CLL patient cells 

and healthy control were normalised to glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) (housekeeping gene). The relative gene expression levels of CLL cells and healthy 

control CD19+ cells were calculated using the gene expression mean derived from the 

cohort of healthy controls. These data demonstrated that the transcription levels of FOXO 

family members were differentially expressed in CLL cells (Figure 3.1a-c). While FOXO1 and 

FOXO4 transcription levels were significantly upregulated in CLL cells compared to healthy 

CD19+ B-cells, FOXO3 gene expression levels in CLL patient cells were the same as healthy 

CD19+ cells (Figure 3.1a-c). Within the cohort of CLL patient samples, stratification of the 

expression of FOXO1 based upon cytogenetic aberration (no del(11q) or del(17p), del(11q), 

del(17p)) revealed no significant differences in the levels of FOXO1 between patient 

samples harbouring cytogenetic abnormalities and those without such aberrations (Figure 

3.1d). Similarly, stratification of FOXO3 levels based on cytogenetic abnormalities revealed 

no changes in FOXO3 levels (Figure 3.1e). However, FOXO4 stratification based on 

cytogenetic abnormalities showed a downregulation of FOXO4 levels in patients harbouring 

del(17p) compared to no del(11q)/del(17p) (p = 0.10) and del(11q) with (p = 0.18) (Figure 

3.1f). Further stratification of FOXO1, FOXO3 and FOXO4 levels based on Binet stages (A, B, 

C), gender (male, female), and treatment status (pre-treatment, post-treatment) indicated 

no significant difference in FOXOs transcription levels (data not shown). 
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Figure 3.1: mRNA expression levels of FOXO family members in PB-derived CLL cells and 
healthy B-cells ex-vivo.  
(a - c) RT-qPCR to assess expression levels of FOXO1, FOXO3 and FOXO4 in B-cells from healthy 
donors (Healthy CD19+; black bars; n = 9) and PB-CLL patient samples (CLL; FOXO1 = pink bar, FOXO3 
= blue bar, FOXO4 = light brown bar; n = 32). RT-qPCR to assess expression levels of (d) FOXO1 (pink 
bar), (e) FOXO3 (blue bar), and (f) FOXO4 (light brown bar) in CLL patient samples stratified by 
cytogenetic abnormalities as indicated. The ΔCT method was used to calculate expression levels, 
where samples were normalised to housekeeping gene GAPDH. The mean gene expression levels 
of FOXO family members in healthy CD19+ were used to calculate the relative gene expression levels 
of healthy B-cells and CLL cells. Each dot represented an individual datapoint. Data expressed as the 
mean ± SEM, and statistics calculated by unpaired t-test (a – c) or unpaired One-way ANOVA, Tukey 
test (d - f); * p ≤ 0.05. 

 
It was of interest to examine the transcriptional levels of ZAP-70 due to its role in enhancing 

BCR signalling, which plays a central role in the survival of CLL cells (226). BCR signalling 

enhances CLL survival by regulating a number of genes including MCL1, which was of 

interest due to its anti-apoptotic activity (285), and could serve as an indicator of CLL 

disease burden. Moreover, PTEN has been reported to act as tumour suppressor in CLL cells 

and its activity is compromised by the BCR signalling pathway (460, 507). This observation 
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resonates with findings suggested by Cosimo, Tarafdar (412) regarding FOXO1 regulation 

in CLL cells (2). Therefore, the transcriptional levels of these gene could be used as makers 

of CLL disease burden. The basal transcriptional levels of MCL1, PTEN and ZAP-70 were 

examined ex-vivo in PB-derived CLL samples in comparison to healthy CD19+ cells using RT-

qPCR, and expressed as described above. Contrary to expectations, the transcript levels of 

MCL1 showed a decrease in CLL patient samples compared to healthy CD19+ cells, although 

this did not reach significance (Figure 3.2a; p = 0.08). PTEN mRNA levels in CLL patient cells 

and healthy B-cells demonstrated no significant difference in expression levels (Figure 3.2b). 

As expected, the expression of ZAP-70 was significantly upregulated in CLL patient cells 

compared to healthy controls (Figure 3.2c). Stratification of MCL1 transcription levels in 

regard to cytogenetic abnormalities illustrated no significant differences between patients 

with no cytogenetic abnormalities compared to patient harbouring del(11q) or del(17p) 

(Figure 3.2d). Interestingly, PTEN stratification based on cytogenetic aberration revealed a 

significant upregulation in transcription levels in patients harbouring del(17p) compared to 

patients with no cytogenetic aberration, while patients with del(11q) showed no significant 

changes in transcriptional levels between those with no del(11q)/del(17p) and samples 

with del(11q) (Figure 3.2e). Stratification of ZAP-70 mRNA levels demonstrated a significant 

increase of ZAP-70 in CLL cells with del(11q) compared to no del(11q)/del(17p) (Figure 3.2f). 

Additional stratification of MCL1, PTEN and ZAP-70 transcriptional levels based on Binet 

stages, gender, and treatment status revealed no significant difference in their transcript 

levels (data not shown). 
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Figure 3.2: ZAP-70 was significantly upregulated in primary PB-derived CLL cells compared to healthy 

B-cells.  
(a-c) RT-qPCR to assess expression levels of MCL1, PTEN and ZAP-70 in B-cell from healthy donor 
(Healthy CD19+; black bars; n ≥ 4) and ex-vivo PB-CLL patient samples (CLL; MCL1 = blue bar, PTEN = 
orange bar, ZAP-70 = purple bar; n = 30). RT-qPCR to assess expression levels of (d) MCL1 (blue bar), 
(e) PTEN (orange bar), and (f) ZAP-70 (purple bar) in CLL patient samples stratified by cytogenetic 
abnormalities as indicated. The ΔCT method was used to calculate expression levels, where samples 
were normalised to housekeeping gene GAPDH. The mean gene expression levels in healthy CD19+ 
were used to calculate the relative gene expression levels of healthy B-cells and CLL cells. Each dot 
represented an individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by 
unpaired t-test (a-c) or unpaired One-way ANOVA, Tukey test (d-f); * p ≤ 0.05, ** p ≤ 0.01. 

 

3.3.2 The protein expression of FOXO1 is significantly upregulated in CLL cells 

compared to B-cells from healthy donors 

Overexpression of FOXO1 protein has been reported in LN biopsies of CLL patients with an 

unfavourable prognosis (412). In addition, ligand-independent ‘tonic’ and ligand-dependent 

BCR signalling can induce proliferation and maintain CLL cell survival (508, 509). Since AKT 

is regulated by BCR signalling which in return negatively regulates FOXO1 transcription 
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activity through phosphorylation at conserved RxRxxS/T residues (FOXO1T24, FOXO1S256, 

FOXO1S319) (408), we investigated the phosphorylation (FOXO1T24) and expression status of 

FOXO1 in PB-derived CLL samples compared to CD19+ B-cells from healthy donors (Figure 

3.3).  

The data revealed a heterogeneity in the basal levels of AKTS473 phosphorylation, FOXO1T24 

phosphorylation and total FOXO1 expression (Figure 3.3a). The data showed that AKTS473 

phosphorylation demonstrated a trend toward downregulation (p = 0.16) in CLL samples 

compared to healthy control (Figure 3.3b), while AKT expression levels were similar 

between CLL cells and healthy CD19+ cells (Figure 3.3c). Further stratification of AKTS473 

phosphorylation protein levels based on cytogenetic aberrations (no del(11q)/del(17p) or 

with one/both del(11q)/del(17p)) indicated a slight decrease of AKTS473 phosphorylation 

level (p = 0.3) in patients with poorer prognostic characteristics (Figure 3.3d). In contrast, 

stratification of AKT protein levels based on cytogenetic abnormalities showed a modest 

increase level (p = 0.2) in CLL cells with poor prognostic characteristics compared to 

undetectable cytogenetic changes (Figure 3.3e). While FOXO1T24 phosphorylation was 

significantly downregulated in CLL cells compared to healthy CD19+ cells, FOXO1 protein 

level was significantly upregulated in CLL cells compared to healthy controls (Figure 3.3f & 

g). Additionally, stratification of FOXO1T24 phosphorylation level based on cytogenetic 

abnormalities revealed a significant upregulation of FOXO1T24 phosphorylation in CLL cells 

with poor prognostic characteristics compared to undetectable cytogenetic (Figure 3.3h), 

while FOXO1 expression showed no statistically significant difference (Figure 3.3i). Further 

stratification of AKTS473, AKT, FOXO1T24 and FOXO1 levels based on Binet stages, gender, and 

treatment status displayed no significance difference in expression levels between CLL cells 

and healthy CD19+ cells (data not shown). 
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Figure 3.3: FOXO1 protein expression was significantly upregulated in primary CLL cells 
compared to B-cells from healthy donors.  
(a) Representative Western blot to assess protein expression of ex-vivo PB-CLL cells compared with 
healthy CD19+ cells from healthy donor’s buffy coats (BC), probed for AKTS473 phosphorylation, AKT, 
FOXO1T24 phosphorylation, FOXO1, and GAPDH (loading control; #1 and #2 representing mirror 
blots). (b, c) Relative protein expression of AKTS473 phosphorylation and AKT between B-cell from 
healthy donors (Healthy CD19+; black bars; n = 6) and CLL patient samples (CLL; p-AKTS473= beige 
bar, AKT = purple bar; n = 19). Assessing protein expression levels of (d) p-AKTS473 (beige bar), (e) 
AKT (purple bar) in CLL patient samples stratified by cytogenetic abnormalities (no del(11q)/ 
del(17p); undetectable cytogenetic abnormalities, del(11q)/ del(17p); either one or both 
cytogenetics abnormalities were detected). (f, g) Relative protein expression of FOXO1T24 

phosphorylation and FOXO1 between B-cell from healthy donors (Healthy CD19+; black bars; n = 6) 
and CLL patient samples (CLL; p-FOXO1T24 = white bar, FOXO1 = pink bar; n = 19). Assessing protein 
expression levels of (h) p-FOXO1T24 (white bar), (i) FOXO1 (pink bar) in CLL patient samples stratified 
by cytogenetic abnormalities (no del(11q)/ del(17p); undetectable cytogenetic abnormalities, 
del(11q)/ del(17p)). Samples were normalised to loading control GAPDH. The mean expression 
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levels of proteins in healthy CD19+ cells were used to calculate relative protein expression levels of 
healthy B-cells and CLL cells. Each dot represented an individual datapoint. Data expressed as the 
mean ± SEM. Statistics calculated by unpaired t-test (b-i); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

 

In section 3.3.1, we explored the transcription expression of MCL1, ZAP-70 and PTEN due 

to their involvement in the BCR pathway. In this section, we extended our investigation to 

examine the protein levels, to establish their baseline levels in ex-vivo PB-derived CLL cells 

compared to healthy CD19+ cells. The data revealed a heterogeneity in the protein 

expression of MEC1, PTEN and ZAP-70 in ex-vivo PB-derived CLL cells and healthy controls 

(Figure 3.4a). The data demonstrated that MCL1 protein level was not different in CLL cells 

compared to healthy CD19+ cells, as some healthy CD19+ cells showed high expression of 

MCL1 protein, others expressed little to undetectable levels of MCL1 (Figure 3.4b). 

Stratification of MCL1 expression level based on the presence of cytogenetic abnormalities, 

indicated a modest elevation (p = 0.13) in CLL cells with del(11q)/del(17p) compared to no 

del(11q)/del(17p) (Figure 3.4c). As expected, ZAP-70 protein level was significantly 

upregulated in CLL cells compared to healthy controls (Figure 3.4d). Further stratification of 

ZAP-70 expression level indicated that patient CLL cells harbouring poor prognostic 

cytogenetic indicator (del(11q)/del(17p)) exhibited an increase (p = 0.09) in ZAP-70 levels 

compared to undetectable aberration (Figure 3.4e). Expression of PTEN was significantly 

downregulated in CLL cells compared to healthy CD19+ cells (Figure 3.4f). Upon 

stratification of PTEN expression level based on cytogenetic abnormalities, the data 

revealed that PTEN expression level is visibly elevated (p = 0.14) in poor prognostic 

cytogenetic compared to undetectable (Figure 3.4g). Furthermore, subdivision of samples 

by Binet stages revealed that PTEN was significantly downregulated in stage B and C 

compared to stage A (Figure 3.4h). Further stratification of MCL1 and ZAP-70 expression 

levels based on Binet stages, displayed no significance difference in expression levels 

between CLL cells and healthy CD19+ cells (data not shown). 
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Figure 3.4: PTEN protein expression was significantly downregulated in ex-vivo CLL cells 
compared to B-cells from healthy donors.  
(a) Representative Western blot to assess protein expression of ex-vivo PB-CLL cells compared with 

healthy CD19+ cells from healthy donor’s buffy coats (BC), probed for MCL1, ZAP-70, PTEN, and 

GAPDH (loading control; #1 and #2 representing mirror blots; extension of Figure 3.3). (b) Relative 

protein expression of MCL1 between B-cell from healthy donors (Healthy CD19+; black bars; n = 6) 

and CLL patient samples (CLL; MCL1 = blue bar; n = 19). Assessing protein expression levels of (d) 

MCL1 (blue bar) in CLL patient samples stratified by cytogenetic abnormalities (no del(11q)/ 

del(17p); undetectable cytogenetic abnormalities, del(11q)/ del(17p); either one or both 

cytogenetics abnormalities were detected). (d) Relative protein expression of ZAP-70 (Healthy 

CD19+; black bars; n = 6) and (CLL; ZAP-70 = beige bar; n = 19). (e) Stratification of ZAP-70 (beige bar) 

protein expression levels by cytogenetic abnormalities as described in (c). (f) Relative protein 

expression of PTEN (Healthy CD19+; black bars; n = 6) and (CLL; PTEN = oil green bar; n = 19). (g) 

Stratification of PTEN (oil green bar) protein expression levels by cytogenetic abnormalities as 

described above. (h) Stratification of PTEN (oil green bar) protein expression levels by Binet stages 

(A, B, C). Samples were normalised to loading control GAPDH. The mean expression levels of 

proteins in healthy CD19+ cells were used to calculate the relative protein expression levels of 

healthy B-cells and CLL cells. Each dot represented an individual datapoint. Data expressed as the 

mean ± SEM. Statistics calculated by unpaired t-test (b-g) or unpaired One-way ANOVA, Tukey test 

(h); * p ≤ 0.05, *** p ≤ 0.001. 
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3.3.3 MEC1 highly express FOXO1 at transcription level compared to HG-3 

cells 

As MEC1 and HG-3 cells are well established CLL cell lines, with MEC1 cells resembling poor 

risk genetics (TP53 mutation and del(17p)) (460, 487), and HG-3 resembling favourable 

prognostic (del(13q)) (489), we profiled the mRNA expression of FOXO1 and known poor 

prognostic biomarkers including MCL1, MYC and ZAP-70. Gene expression in HG-3 and 

MEC1 cells was expressed relative to the mean gene expression of HG-3 cells (Figure 3.5). 

The data demonstrated a significant increase of FOXO1 and MCL1 mRNA levels in MEC1 

cells compared to HG-3 cells (Figure 3.5a & b). Surprisingly, the transcriptional levels of both 

MYC and ZAP-70 were significantly upregulated in favourable prognostic HG-3 cells 

compared to MEC1 cells (Figure 3.5c & d). 

 

Figure 3.5: The transcriptional level of FOXO1 was significantly upregulated in MEC1 
compared to HG-3 cells.  
(a-d) RT-qPCR to assess gene expression levels of FOXO1, MCL1, MYC and ZAP-70 in HG-3 cells (black 

bar; n = 4) and MEC1 cells (beige bar; n = 4). The ∆CT method was used to generate expression levels, 

where samples were normalised to the reference gene (GUSB) and scattered dots indicate the mean 

fold change in gene expression relative to HG-3 ± SEM. Individual samples are symbolised by dots. 

Statistics calculated by unpaired t-test, * p ≤ 0.05, **** p ≤ 0.0001. 
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3.3.4 FOXO1 protein is highly expressed in the MEC1 compared to the HG-3 

cells  

It has been suggested that FOXO1 could serve as a marker of poor prognosis in CLL cells, as 

FOXO1 was found to be overexpressed in LN biopsies from patients with poor prognosis 

(412). Comparing the protein expression of HG-3 and MEC1 cell lines, we demonstrate that 

MEC1 cells highly expressed FOXO1T24 phosphorylation and total FOXO1 compared to HG-3 

cells (Figure 3.6a-c). In alignment with transcription level of MYC, the protein expression of 

cMYC was significantly upregulated in HG-3 cells compared to MEC1 cells (Figure 3.6a&d). 

MCL1 protein level in MEC1 cells was higher (p = 0.17) compared to HG-3 (Figure 3.6e), 

following similar pattern as the transcription levels of MCL1 in section 3.3.3. Furthermore, 

PTEN expression level was significantly higher in HG-3 cells compared to MEC1 cells (Figure 

3.6f). FOXOs regulate several genes involved in cell death and cell cycle arrest. FOXO1 target 

genes included BCL2L11, CDKN1A and CDKN1B, which encode the pro-apoptotic BCL-2 

family member BIM, p21Waf1/Cip1 and p27Kip1 (400, 510), respectively. Given the important 

role of FOXO1 in controlling the activity of these genes, we assessed their expression as an 

indicator of FOXO1 regulation. The expression of p21Waf1/Cip1 was slightly lower (p = 0.11) in 

HG-3 cells compared to MEC1 cells (Figure 3.6g). Notably, the expression of the FOXO1 

targets p27Kip1 was significantly lower in HG-3 cells compared to MEC1 cells (Figure 3.6h). 

Also, expression of BIM isoforms (BIMEL, BIML, BIMS) was significantly lower in MEC1 

compared to HG-3 cells (Figure 3.6i). 
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Figure 3.6: CLL cell lines indicated a variability in FOXO1T24 phosphorylation and total 
FOXO1 expression.  
(a) Representative Western blot to assess protein expression of HG-3 cells (n = 4) compared with 
MEC1 cells (n = 4), probed for p-FOXO1T24, FOXO1, cMYC, MCL1, PTEN, p21Waf1/Cip1, p27Kip1, BIM and 
β-ACTIN (loading control; #1, #2, and #3 representing mirror blots). Relative protein expression of 
(b) p-FOXO1T24, (c) FOXO1, (d) cMYC, (e) MCL1, (f) PTEN, (g) p21Waf1/Cip1, (h) p27Kip1, and (i) BIM 
isoforms (EL, L, S) between HG-3 cells (HG-3; black bars; n = 4) and MEC1 cells (MEC1 = beige bar; n 
= 4). Samples were normalised to loading control β-ACTIN. The mean expression levels of proteins 
in MEC1 cells were used to calculate the relative protein expression levels of MEC1 cells and HG-3 
cells. Each dot represented an individual datapoint. Data expressed as the mean ± SEM. Statistics 
calculated by unpaired t-test (b-i); ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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3.3.5 F(ab')2 stimulation rapidly upregulates FOXO1 in primary CLL cells 

To demonstrate the signalling capacity of the BCR in primary CLL cells, we examined the 

phosphorylation status of AKTS473 and FOXO1T24 upon BCR stimulation in comparison with 

unstimulated CLL cells (Figure 3.7a). These data indicated that the level of phosphorylation 

of AKTS473 was significantly upregulated at 0.5 hr up to 1 hr in F(ab')2 stimulated CLL cells 

compared to unstimulated cells, while between 2 hr and 24 hr, AKTS473 phosphorylation 

reduced to basal levels (Figure 3.7b). Total AKT expression displayed steady levels across all 

BCR stimulation time points (Figure 3.7c). The phosphorylation of FOXO1T24 and Total FOXO1 

levels followed a similar trend as AKTS473 phosphorylation, with both FOXO1T24 

phosphorylation and total FOXO1 significantly upregulated at 0.5 hr up to 1 hr in F(ab')2 

stimulated CLL cells compared to unstimulated (Figure 3.7d). This upregulation in FOXO1T24 

phosphorylation and total FOXO1 was sustained up to 2 hr, followed by reduction to basal 

level beyond 2 hr up to 24 hr of F(ab')2 stimulation (Figure 3.7d & e).  

MCL1 protein levels in F(ab')2 stimulated CLL cells were significantly increased compared to 

unstimulated cells (Figure 3.7f). This increase was sustained up to 4 hr of F(ab')2 stimulation, 

followed by non-significant elevation up to 24 hr (Figure 3.7f). While the expression of PTEN 

was unaffected by F(ab')2 stimulation in the early timepoint (0.5 hr to 4 hr), the protein level 

of PTEN was significantly increased at 24 hr of stimulation (Figure 3.7g).  
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Figure 3.7:Time-course of FOXO1 expression upon BCR crosslinking.                                        
(a) Representative Western blot of primary CLL sample (CLL173 patient sample), unstimulated (US; 
-) or stimulated (+) with F(ab')2 fragments (10 ng/mL) for the indicated timepoints (hour; hr), (0.5 – 
24 hr). The blot was probed for antibodies for AKTS473, AKT, FOXO1T24, FOXO1, MCL1, PTEN and 
GAPDH (loading control; #1 and #2 representing mirror blots). Relative protein expression of (b) p-
AKTS473, (c) AKT, (d) p-FOXO1T24, (e) FOXO1, (f) MCL1, and (g) PTEN between unstimulated (US = black 
bar; n ≥ 3) and F(ab')2 stimulated for (0.5 hr = pink bar; n ≥ 3), (1 hr = navy bar; n ≥ 3), (2 hr = purple 
bar; n ≥ 3), (4 hr = light purple bar; n ≥ 3), (8 hr = blue bar; n ≥ 1), (24 hr = oil green bar; n ≥ 3). 
Samples were normalised to loading control GAPDH. The mean expression levels of proteins in 
unstimulated were used to calculate the relative protein expression levels of unstimulated and 
F(ab')2 stimulated timepoints. Each dot represented an individual datapoint. Data expressed as the 
mean ± SEM. Statistics calculated by One-way ANOVA, Dunnett test (b-g); * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001, **** p ≤ 0.0001. 

 

The expression of p21Waf1/Cip1 was modestly increased in 1 hr to 2 hr of F(ab')2 stimulation, 

followed by reduction to basal level in timepoints after 2 hr up to 24 hr (Figure 3.8a & b). 

However, p27Kip1 expression was unaffected by F(ab')2 stimulation, indicating no changes in 

expression in all timepoints (Figure 3.8c). Lastly, ZAP-70 protein levels in F(ab')2 stimulated 

CLL cells were significantly increased compared to unstimulated (Figure 3.8d). This increase 
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in protein levels was sustained up to 4 hr of F(ab')2 stimulation, followed by non-significant 

elevation up to 24 hr (Figure 3.8d). 

 

Figure 3.8:ZAP-70 protein expression was stabilised upon BCR crosslinking with F(ab')2.  
(a) Representative Western blot of primary CLL sample (CLL173 patient sample), unstimulated (US; 
-) or stimulated (+) with F(ab')2 fragments (10 ng/mL) for the indicated timepoints (hour; hr), (0.5 – 
24 hr). The blot was probed for p21Waf1/Cip1, p27Kip1, ZAP-70, and β-ACTIN (loading control). Relative 
protein expression of (b) p21Waf1/Cip1, (c) p27Kip1, and (d) ZAP-70 between unstimulated (US = black 
bar; n ≥ 4) and F(ab')2 stimulated for (0.5 hr = pink bar; n ≥ 4), (1 hr = navy bar; n ≥ 4), (2 hr = purple 
bar; n ≥ 4), (4 hr = light purple bar; n ≥ 3), (8 hr = blue bar; n ≥ 3), (24 hr = oil green bar; n ≥ 4). 
Samples were normalised to loading control β-ACTIN. The mean expression levels of proteins in 
unstimulated were used to calculate the relative protein expression levels of unstimulated and 
F(ab')2 stimulated timepoints. Each dot represented an individual datapoint. Data expressed as the 
mean ± SEM. Statistics calculated by One-way ANOVA, Dunnett test (b-d); * p ≤ 0.05, ** p ≤ 0.01. 

 

Building on this data, F(ab')2-induced BCR signalling led to rapid upregulation of FOXO1T24 

phosphorylation expression within 0.5 hr (Figure 3.9a & b). Consistent with earlier 

observations (Figure 3.7d & e), FOXO1 expression was rapidly and significantly upregulated 

in all CLL patient cells assessed following F(ab')2 stimulation (Figure 3.9c). 
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Figure 3.9: Short-term F(ab')2 stimulation promotes FOXO1 upregulation and 
phosphorylation downstream of BCR.  
(a) Representative Western blot of primary CLL samples (CLL116, CLL138, CLL106, CLL148, CLL200), 

unstimulated (US) or stimulated with F(ab')2 fragments (10 ng/mL) for (0.5 hr). The blot was probed 

for p-FOXO1T24, FOXO1, and GAPDH (loading control; #1 and #2 representing mirror blots). Relative 

protein expression of (b) p-FOXO1T24 (n = 8) and (c) FOXO1 (n = 8) between unstimulated (US) and 

F(ab’)2 stimulated, which were represented by dots connected by individual black line for each 

datapoint. Samples were normalised to loading control GAPDH. Data expressed as the mean ± SEM. 

Statistics calculated by paired t-test (b & c); * p ≤ 0.05, *** p ≤ 0.001. 

 

3.3.6 The phosphorylation of FOXO1T24 and total FOXO1 were reduced by 

ibrutinib treatment in MEC1 cells 

To further investigate the role of BCR signalling in regulating the expression of p-FOXO1T24 

and total FOXO1, MEC1 cells were treated with the BTK inhibitor ibrutinib for 1 hr and 24 

hr (Figure 3.10a). The data revealed that inhibition of BCR signalling by ibrutinib induced a 

significant downregulation of AKTS473 phosphorylation at 1 hr and 24 hr of treatment 

compared to untreated in MEC1 cells (Figure 3.10b). Notably, this downregulation was 

significantly greater at 1 hr compared to 24 hr (Figure 3.10b). The expression levels of AKT 

protein were unaffected by ibrutinib treatment at both 1 hr and 24 hr compared to 
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untreated (Figure 3.10c). Ibrutinib induced downregulation of FOXO1T24 phosphorylation 

mirroring its effects on AKTS473 phosphorylation (Figure 3.10d). This reduction of FOXO1T24 

phosphorylation at 1 hr of ibrutinib treatment was significantly greater than 24 hr 

treatment (Figure 3.10d). Interestingly, the protein expression levels of FOXO1 were 

significantly downregulated at 1 hr of ibrutinib treatment compared to untreated MEC1 

cells (Figure 3.10e). However, the expression levels of FOXO1 at 24 hr were unaffected by 

ibrutinib treatment compared to untreated (Figure 3.10e).  

 

Figure 3.10: The protein expression of FOXO1 was significantly downregulated by short-
term inhibition with ibrutinib in MEC1 cells.  

(a) Representative Western blot of MEC1 cells, treated with ibrutinib (IBR; 1 µM) for the indicated 

timepoints (1 hr and 24 hr; hour) or no drug control (NDC; DMSO). The blots were probed for AKTS473 

phosphorylation, AKT, FOXO1T24 phosphorylation, FOXO1, and GAPDH (loading control; #1 and #2 

representing mirror blots). Relative protein expression of (b) p-AKTS473 (c) AKT, (d) p-FOXO1T24, and 

(e) FOXO1 between no drug control (NDC/DMSO = black bar; n ≥ 2) and ibrutinib (IBR = brown bar; 

n ≥ 2) at 1 µM for (1 hr and 24 hr) timepoints. Samples were normalised to loading control GAPDH. 

The mean expression levels of proteins in NDC were used to calculate the relative protein expression 

levels of NDC and ibrutinib treatment at the indicated timepoints. Each dot represented an 

individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, 

Tukey test (b-e); * p ≤ 0.05, **** p ≤ 0.0001. 

 

3.3.7 Phosphorylation of FOXO1T24 and total FOXO1 were reduced to 

baseline levels by ibrutinib in F(ab')2 stimulated CLL patient cells 

To explore the role of BCR signalling in regulating the expression of FOXO1, CLL patient 

samples were pre-treated for 1 hr with ibrutinib followed by BCR crosslinking with F(ab')2 
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for 0.5 hr (Figure 3.11a). The data showed a significant increase in AKTS473 phosphorylation 

levels upon BCR crosslinking with F(ab')2 compared to unstimulated CLL patient cells (Figure 

3.11b). This elevation in AKTS473 phosphorylation levels were reversed by ibrutinib 

treatment, restoring AKTS473 phosphorylation levels to baseline (Figure 3.11b). No changes 

in AKT levels were noted by F(ab')2 simulation or ibrutinib treatment (Figure 3.11c), similar 

to MEC1 cells (Figure 3.10). Further, the expression levels of FOXO1T24 phosphorylation 

significantly increased in stimulated CLL cells compared to unstimulated controls (Figure 

3.11d). This upregulation of FOXO1T24 phosphorylation was significantly reduced by 

ibrutinib treatment, restoring FOXO1T24 phosphorylation to baseline levels (Figure 3.11d), 

mirroring the effect of ibrutinib on AKTS473 phosphorylation. Similarly, FOXO1 protein levels 

were significantly upregulated upon BCR stimulation with F(ab')2 and were significantly 

downregulated by ibrutinib, restoring FOXO1 expression to unstimulated levels (Figure 

3.11e). 

 

Figure 3.11: Upregulation of FOXO1 expression upon BCR crosslinking was significantly 
downregulated by ibrutinib treatment in CLL patient cells.  
(a) Representative Western blot of CLL patient cells (CLL198), the cells were pre-treated for 1 hr with 
ibrutinib (IBR (+); 1 µM) for 1 hr or untreated (DMSO (-)), followed by 0.5 hr stimulation (+) or no 
stimulation (DMSO (-)) by F(ab')2 fragment (10 ng/mL). The blots were probed for p-AKTS473, AKT, p-
FOXO1T24, FOXO1, and GAPDH (loading control; #1 and #2 representing mirror blots). Relative 
protein expression of (b) p-AKTS473 (c) AKT, (d) p-FOXO1T24, and (e) FOXO1 between 
unstimulated/untreated (F(ab')2/IBR-/- = black bar; n = 4), stimulated/untreated (F(ab')2/IBR+/- = pink 
bar; n = 4), and stimulated/ibrutinib treated (F(ab')2/IBR+/+ = blue bar; n = 4). Samples were 
normalised to loading control GAPDH. The mean expression levels of proteins in F(ab')2/IBR-/- were 
used to calculate the relative protein expression levels. Each dot represented an individual 
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datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test 
(b-e); ** p ≤ 0.01, **** p ≤ 0.0001. 

 

3.3.8 FOXO1 was slightly upregulated in three-month post-ibrutinib ex-vivo 

CLL cells  

It has been reported that ibrutinib treatment reduces BCR-mediated stimulation of 

S6S235/236, AKTS473 and FOXOT24 phosphorylation to baseline level in CLL cells in vitro (412). 

We were interested in examining BCR signalling activity by looking at the phosphorylation 

of AKT and FOXO1 expression in early post-ibrutinib treated patient samples. The samples 

were obtained from ex-vivo PB-derived CLL cells before treatment and after up to three-

months of ibrutinib treatment, and phosphorylation levels of AKTS473 and FOXO1T24 as well 

as FOXO1 expression were determined (Figure 3.12a). AKTS473 phosphorylation did not 

significantly differ between pre- and post-ibrutinib CLL cells (Figure 3.12b). Downstream of 

AKT, phosphorylation of FOXO1T24 was downregulated (p = 0.19) in three out of four patient 

samples in post-ibrutinib treatment compared to pre-treatment (Figure 3.12c). In contrast 

to phosphorylation of FOXO1T24, total FOXO1 expression was upregulated in all post- 

compared to pre-ibrutinib with a variation in FOXO1 expression between CLL patient 

samples (Figure 3.12d). Furthermore, the expression of PTEN levels were demonstrably 

elevated (p = 0.06) in post- compared to pre-treatment samples (Figure 3.12e). To a lesser 

extent, p21Waf1/Cip1 was increased (p = 0.26) in post- compared to pre-ibrutinib treatment 

samples (Figure 3.12f). Notably, p27Kip1 protein levels were significantly upregulated in post- 

compared to pre-treatment (Figure 3.12g), which aligns with elevated expression of FOXO1 

in these patient samples. The protein levels of BIM isoforms indicated an increase level of 

BIMs (BIMEL, BIML, BIMS), while BIMEL and BIMS only showed a trend toward increased 

expression in post- compared to pre-ibrutinib samples, BIML exhibited a statistically 

significant increase in post- compared to pre-ibrutinib (Figure 3.12h). These findings suggest 

that FOXO1 activity is upregulated in ibrutinib-treated patients. 
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Figure 3.12: p27Kip1 expression was upregulated in three-month post-ibrutinib ex-vivo CLL 
cells.             
(a) Representative Western blot of ex-vivo PB-derived CLL patient samples to assess protein 

expression of pre-ibrutinib treatment (pre-treatment) compared with three months post-ibrutinib 

patient samples (CLL009, CLL151, CLL173, CLL198), probed for p-AKTS473, p-FOXO1T24, FOXO1, PTEN, 

p21Waf1/Cip1, p27Kip1, BIM, and β-ACTIN (loading control; #1 and #2 representing mirror blots). Relative 

protein expression of (b) p-AKTS473, (c) p-FOXO1T24, (d) FOXO1 in pre-IBR and post-IBR samples are 

shown, with CLL173 sample shown as red dot. (e) PTEN, (f) p21Waf1/Cip1, (g) p27Kip1, and (h) BIM 

isoforms (EL, L, S) between pre-ibrutinib (pre-IBR = purple bar; n = 4) and three months post-

ibrutinib (post-IBR = blue bar; n =4). Samples were normalised to loading control β-ACTIN. The mean 

expression levels of proteins in pre-IBR were used to calculate the relative protein expression levels 

of pre-IBR and post-IBR. Each dot represented an individual datapoint. Data expressed as the mean 

± SEM. Statistics calculated by unpaired t-test (b-h); * p ≤ 0.05. 
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3.3.9 FOXO family members were unaffected by F(ab')2 stimulation at the 

transcriptional level  

To address whether the noted upregulation of FOXO1 was post-translational, we initially 

investigated the transcriptional levels of FOXO family members in F(ab')2 stimulated CLL 

cells. The CLL cells were stimulated from 0.5 to 24 hr with F(ab')2 fragment (Figure 3.13). 

The data showed that FOXO1, FOXO3 and FOXO4 did not statistically change in 

transcriptional levels with stimulation (Figure 3.13a, b, c). However, the data indicated a 

slight decrease in expression at 2 hr of stimulation for FOXO1 and FOXO3, although this was 

not significant. FOXO1 target genes including BCL2L11 and CCND2 also showed no 

significant differences between F(ab')2 stimulated CLL cells and unstimulated (Figure 3.13d 

& e), which aligned with transcription levels of FOXO1. The mRNA level of early growth 

response 1 (EGR-1) was used as a positive indicator of F(ab')2 stimulation (511, 512), which 

demonstrated a transient upregulation of EGR-1 at 0.5 hr and 1 hr in F(ab')2 stimulated 

compared to unstimulated (Figure 3.13f). The transcription levels of CASP8 and FADD-like 

apoptosis regulator (cFLAR), encoding for cellular FLICE (cFLIP) and regulated by the NF-кB 

pathway (513), were investigated as another pathway regulated by BCR activity. cFLAR 

mRNA levels were differentially expressed between CLL patient samples across the 

indicated timepoints, although showing no significant difference in expression between 

F(ab')2 stimulated and unstimulated CLL cells (Figure 3.13g). The transcription levels of 

MCL1 were unaffected by the crosslinking of BCR with F(ab')2 fragment across the time-

course between stimulated and unstimulated CLL patient cells (Figure 3.13h). The 

transcription levels of MYC were slightly but not significantly upregulated in stimulated CLL 

patient cells during the early timepoints (2 hr to 4 hr), then the levels were reduced later (6 

hr to 24 hr) (Figure 3.13i).  
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Figure 3.13: The mRNA levels of FOXO family members were unaffected upon BCR 
crosslinking with F(ab’)2 in primary CLL cells.  

RT-qPCR to assess expression of FOXO1, FOXO3, FOXO4, BCL2L11, CCND2, EGR-1, cFLAR, MCL1, and 
MYC in unstimulated (US = black bar; n = 3) and F(ab')2 (10 ng/mL) stimulated for (hour; hr), (0.5 hr 
= pink bar; n = 3), (1 hr = navy bar; n = 3), (2 hr = purple bar; n = 3), (4 hr = light purple bar; n = 3), 
(6 hr = blue bar; n = 3), (24 hr = oil green bar; n ≥ 2) primary CLL cell samples. The ΔΔCT method was 
used to calculate expression levels, where samples were normalised to housekeeping gene B2M. 
Each dot represented an individual datapoint. Data expressed as the mean ± SEM. Statistics 
calculated by One-way ANOVA, Dunnett test. 
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3.3.10 Gene expression levels of DUB enzymes in ex-vivo CLL cells compared 

to B-cells from healthy donor 

In section 3.3.9, the transcriptional levels of FOXO1 were unaffected by BCR crosslinking 

with F(ab')2, suggesting that the rapid upregulation of FOXO1 occurs post-translationally. As 

it has been reported, FOXO family members are post-translationally modified by 

phosphorylation, ubiquitination/deubiquitylation, acetylation/deacetylation, and 

methylation (326, 514), we investigated DUB enzyme regulation of FOXO1 protein. USP7 

was reported to have a regulatory role with FOXOs family in CLL cells (360, 460). BCR ligation 

has also been shown to upregulate the expression of ZAP-70 and MCL1 which can be 

stabilised by deubiquitylation (466, 482). Therefore, it was of interest to examine the gene 

expression levels of individual DUB enzymes (USP7, USP9x and USP14) in ex-vivo primary 

CLL cells. The data revealed no significant difference in USP7 mRNA levels between CLL cells 

and CD19+ B-cells derived from healthy donors (Figure 3.14a). Interestingly, USP9x was 

significantly reduced in ex-vivo primary CLL cells, compared to B-cells from healthy donors 

(Figure 3.14b). Similar to USP7, the expression of USP14 did not differ between CLL cells 

and heathy controls (Figure 3.14c). Stratification of DUB gene expression based on 

cytogenetic abnormalities (Figure 3.12d - f), Binet stages, treatment status and gender 

indicated that the transcript levels of USP7, USP9x and USP14 were not significantly 

different (data not shown).   
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Figure 3.14: DUB expression in ex-vivo CLL patient cells compared to healthy B-cells.  
(a-c) RT-qPCR to assess expression levels of USP7, USP9x, and USP14 in B-cell from healthy donor 

(Healthy CD19+; black bars; n = 9) and ex-vivo PB-CLL patient samples (CLL; USP7 = blue bar, USP9x 

= beige bar, USP14 = purple bar; n = 32). RT-qPCR to assess expression levels of (d) USP7 (blue bar), 

(e) USP9x (orange bar), and (f) USP14 (purple bar) in CLL patient samples stratified by cytogenetic 

abnormalities as indicated. The ΔCT method was used to calculate expression levels, where samples 

were normalised to housekeeping gene GAPDH. The mean gene expression levels of DUB family 

members in CD19+ were used to calculate the relative gene expression levels of healthy B-cells and 

CLL cells. Each dot represented an individual datapoint. Data expressed as the mean ± SEM. Statistics 

calculated by unpaired t-test (a-c) or One-way ANOVA, Tukey test (d-f); * p ≤ 0.05. 

 

3.3.11 Protein expression levels of DUB enzymes in ex-vivo CLL cells 

compared to B-cells from healthy donors 

Intriguingly, the STRING database indicated that FOXO1 expression is associated with USP7, 

which in turn is linked by co-expression with USP8, USP10, USP14 and USP28, all of which 

are reported to be linked with haematological malignancies (467, 515-517) (Figure 3.15). 
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As those DUB proteins were associated with the expression of USP7 protein, we examine 

their protein expression in CLL cells compared to healthy CD19+ B-cells (Figure 3.16a & d). 

Protein expression of USP7 was significantly upregulated in CLL cells, compared with 

healthy controls (Figure 3.16a & b). Stratification of USP7 expression levels based on 

cytogenetic abnormalities indicated an upregulation of USP7 (p = 0.07) in patient CLL cells 

harbouring either one or both del(11q)/del(17p) compared to CLL cells with undetectable 

cytogenetic aberration (Figure 3.16b). Similarly, significant upregulation of USP9x 

expression levels were observed in CLL cells, compared to healthy B-cells, with a trend 

toward upregulation (p = 0.07) in patient harbouring poorer cytogenetic abnormalities 

compared to patients with no cytogenetic abnormalities (Figure 3.16c). The expression 

levels of USP1 were examined and the data indicated a trend toward upregulation (p = 0.09) 

of USP1 in CLL patient samples compared to healthy controls (Figure 3.16d & e). 

Stratification of USP1 based on cytogenetic abnormalities revealed a demonstrable 

upregulation in CLL patient cells with poorer cytogenetic aberrations compared to normal 

cytogenetic CLL cells (Figure 3.16e). The expression levels of USP8 (Figure 3.16f), USP10 

(Figure 3.16g), and USP14 (Figure 3.16h) were significantly elevated in CLL patient cells 

compared to healthy CD19+ B-cells. Stratification of these proteins in regard to the present 

or absence of cytogenetic abnormalities revealed no significant differences between 

patients harbouring poorer cytogenetics aberration and normal cytogenetic CLL patient 

cells (Figure 3.16f, g, h). The expression of USP18 and USP28 were examined, and their 

levels were slightly elevated (p = 0.22) and (p =0.16), respectively, in CLL patient cells 

compared to healthy controls (Figure 3.16i, j). Stratification of these proteins according to 

cytogenetic abnormalities indicated no changes in the expression of USP18 and USP28 in 

CLL patient cells harbouring poorer cytogenetic abnormalities and undetectable 

cytogenetic (Figure 3.16i, j). Additionally, further stratification of the DUB protein 

expression levels in CLL patient samples according to Binet staging, patients’ gender and 

treatment status showed that the protein expression of USP1, 7, 10, 14 and 18 were similar 

across Binet stages, whereas USP8, 9x, 28 demonstrated a trend towards upregulation in 

poorer prognostic CLL subsets according to Binet stages (data not shown). 
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Figure 3.15: FOXO1 is linked to USP7 which is linked to other DUB proteins.                        
This protein-protein network interaction map was generated and downloaded from STRING 

database website (2021) (518). Proteins within this network were joined on multiple lines of 

evidence, including co-expression, co-occurrence, databases annotations, gene fusion events, 

experimental data, gene neighbourhood, and text-mining of scientific literature. The strength of 

evidence supporting each protein-protein association is represented by the thickness of the 

connecting lines. The confidence scores ranging from highest to lowest (0.900, 0.700, 0.400, 0.150) 

as indicated in the figure. These scores reflect the potential of a true interaction between the 

proteins. 
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Figure 3.16: DUB family members are differentially expressed in ex-vivo CLL patient cells.  
(a) Representative Western blot to assess protein expression of ex-vivo PB-CLL patient cells 
compared with healthy CD19+ cells from healthy donors, probed for USP7, USP9x, and GAPDH 
(loading control). (b, c) Relative protein expression of USP7 and USP9x between B-cell from healthy 
donors (Healthy CD19+; black bars; n = 6) and CLL patient samples (CLL; USP7 = red bar, USP9x = 
green bar; n = 20). Assessing protein expression levels of (b) USP7 (red bar), (c) USP9x (green bar) 
in CLL patient samples stratified by cytogenetic abnormalities (no del(11q)/ del(17p); undetectable 
cytogenetic abnormalities, del(11q)/ del(17p); either one or both cytogenetics abnormalities were 
detected). (d) Representative Western blot to assess protein expression of ex-vivo PB-CLL patient 
cells compared with healthy CD19+ cells from healthy donors (buffy coat; BC4, BC5), probed for USP1, 
USP8, USP10, USP14, USP18, USP28, and β-ACTIN (loading control; #1 and #2 representing mirror 
blots). (e - j) Relative protein expression of USP1, 8, 10, 14, 18, 28 between B-cell from healthy 
donors (Healthy CD19+; black bars; n = 7) and CLL patient samples (CLL; USP1 = brown bar, USP8 = 
purple bar, USP10 = pink bar, USP14 = blue bar, USP18 = navy blue bar, USP28 = white bar; n = 19). 
Assessing protein expression levels of USP1, 8, 10, 14, 18 and 28 in CLL patient samples stratified by 
cytogenetic abnormalities presence or absence of del(11q)/del(17p) alone or together as described 
above. Samples were normalised to loading control β-ACTIN. The mean expression of proteins in 
healthy CD19+ cells were used to calculate the relative protein expression levels of healthy B-cells 
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and CLL cells. Each dot represented an individual datapoint. Data expressed as the mean ± SEM. 
Statistics calculated by unpaired t-test (b, c, e-j); * p ≤ 0.05. 

 

3.3.12 mRNA transcription levels of USP7 were significantly higher in MEC1 

compared to HG-3 cells 

We examined the transcription levels of DUBs in CLL cell lines; MEC1 (poor prognosis) and 

HG-3 (favourable prognosis) cells to determine USP7, USP9x and USP14 levels (Figure 3.17). 

The data revealed that the transcription levels of USP7 was significantly higher in MEC1 cells 

compared to HG-3 cells (Figure 3.17a). However, the transcription levels of USP9x were 

similar in both MEC1 and HG-3 cells (Figure 3.17b). Similarly, the data hinted that USP14 

transcription levels was similar in both cell lines (Figure 3.17c). 

 

Figure 3.17: The transcriptional level of USP7 was significantly upregulated in MEC1 
compared with HG-3 cells.  
(a, b) RT-qPCR to assess gene expression levels of USP7 and USP9x in HG-3 cells (black bar; n = 3) 

and MEC1 cells (beige bar; n = 3). (c) RT-qPCR to assess gene expression levels of USP14 in HG-3 

cells (black bar; n = 1) and MEC1 cells (beige bar; n = 1). The ∆CT method was used to generate 

expression levels, where samples were normalised to the reference gene (GUSB) and the mean fold 

change of gene expression relative to HG-3 ± SEM. Statistics calculated by unpaired t-test, ** p ≤ 

0.01. 

 

3.3.13 Protein expression levels of DUB enzymes in CLL cell lines MEC1 

compared to HG-3 cells 

To further investigate the expression of DUB enzymes in CLL cell lines, we examined the 

expression of DUB enzymes in MEC1 and HG-3 cells. The data illustrated differential 

expression levels of USP7, 8, 9x and 10 in MEC1 cells compared to HG-3 cells (Figure 3.18a). 
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The expression levels of USP7 were slightly but consistently higher (p = 0.052) in MEC1 cells 

compared to HG-3 (Figure 3.18a & b). While USP8 protein levels were significantly higher 

in MEC1 cells compared to HG-3 cells (Figure 3.18c), USP9x expression levels were similar 

in both cell lines (Figure 3.18d). However, the protein expression of USP10 was consistently 

and significantly lower in MEC1 cells compared to HG-3 cells (Figure 3.18e). 

 

Figure 3.18: CLL cell lines indicated variability in DUB protein expression.  
(a) Representative Western blot to assess protein expression of HG-3 cells (n = 4) compared with 

MEC1 cells (n = 4), probed for USP7, USP8, USP9x, USP10 and β-ACTIN (loading control; #1, #2, and 

#3 representing mirror blots). Relative protein expression of (b) USP7, (c) USP8, (d) USP9x and (e) 

USP10 between HG-3 cells (HG-3; black bars; n = 4) and MEC1 cells (MEC1 = beige bar; n = 4). 

Samples were normalised to loading control β-ACTIN. The mean expression levels of proteins in 

MEC1 cells were used to calculate the relative protein expression levels of MEC1 cells and HG-3 

cells. Each dot represented an individual datapoint. Data expressed as the mean ± SEM. Statistics 

calculated by unpaired t-test (b-e); * p ≤ 0.05, ** p ≤ 0.01. 

 

3.3.14 DUB inhibitors induced CLL cell death in vitro 

To investigate the role of DUB enzymes in BCR mediated FOXO1 regulation, we first assessed 

the selectivity of several DUB inhibitors towards CLL cells and determined the IC50 for each 

inhibitor. We focused on a broad range pan-DUB inhibitor (PR-619), a USP7 selective 

inhibitor (P5091), a selective USP9x and USP14 inhibitor (WP1130), and a selective USP7, 

8, and 10 inhibitors (HBX19818). 
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To evaluate the selectivity of DUB inhibitors PR-619, P5091 and WP1130 to CLL cells, we 

isolated mononuclear cells (MNCs) from buffy coats obtained from healthy individuals, and 

assessed the effect of the inhibitors on MNCs, CD19+ B-cell, activated CD4+ T cell and CLL 

patient cells viability. The isolated cells were treated with increasing concentrations of PR-

619/P5091/WP1130 in the range of 0.1 to 100 μM, or DMSO vehicle control (NDC) (Figure 

3.19). To assess these inhibitors on CLL cell lines, we treated MEC1 and HG-3 cells. Following 

a 48 hr treatment, apoptosis was measured by flow cytometry using Annexin V FITC/7-AAD 

staining. 

PR-619 inhibitor reduced the percentage of viable cells in a concentration-dependent 

manner. The calculated IC50 for CLL cells was significantly lower than MNCs, T cells and B-

cells (Figure 3.19a & b). Furthermore, B-cells IC50 was significantly lower than T cell and 

MNCs, while T cell IC50 was similar to MNCs (Figure 3.19a, b & k). CLL cell lines MEC1 and 

HG-3 showed similar IC50 to each other (Figure 3.19c & k). These data indicated that PR-619 

selectively targeted CLL cells for apoptosis as indicated by the lower IC50 concentrations. 

P5091 inhibitor reduced the percentage of viable cells in a dose-dependent manner. The 

calculated IC50 for CLL cells was significantly lower than MNCs, while visibly lower than T 

cells and B-cells with no statistical difference (Figure 3.19d, e & k). Furthermore, B-cells IC50 

was significantly lower than MNCs, and exhibited lower IC50 compared to T cells, but not 

statistically significant (Figure 3.19d, e & k). Additionally, T cell IC50 was significantly lower 

than MNCs (Figure 3.19d, e & k). CLL cell lines MEC1 and HG-3 showed similar IC50 to each 

other (Figure 3.19f & k). These data indicated that P5091 selectively targeted CLL cells for 

apoptosis as indicated by the lower concentrations of IC50. 

WP1130, a selective inhibitor of USP5, 9x, 14 and UCH37 (494), reduced the percentage of 

viable cells in a concentration-dependent manner. The calculated IC50 for CLL cells was 

significantly lower than MNCs, while only visibly lower than T cells. On the other hand, CLL 

cells IC50 was similar to B-cells (Figure 3.19g, h & k). WP1130 IC50 with B-cells was 

significantly lower than MNCs (Figure 3.19g, h & k). Furthermore, while WP1130 IC50 in B-

cell was lower compared to T cells, it was not statistically significant (Figure 3.19g, h & k). 

Additionally, T cells IC50 showed no statistical difference compared to MNCs, but were visibly 

lower (Figure 3.19g, h & k). WP1130 showed similar IC50 in CLL cell lines MEC1 and HG-3 

(Figure 3.19i & k). These data indicated that WP1130 was selective to CLL cells compared 

with T lymphocytes. 
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HBX19181 inhibitor reduced the percentage of MEC1 cell viability in a concentration-

dependent manner; the IC50 was 13 µM in MEC1 cells (Figure 3.19j & k). Overall, these 

findings suggest that CLL cells generally exhibit a susceptibility to DUB inhibitors compared 

to healthy cell types.  

 

Figure 3.19: DUB inhibitors reduced the viability of cells after 48 hr in a concentration-dependent 

manner.  

FACS data of cell (n>3) viability as determined by Annexin V/7-AAD staining. The cells were treated 

for 48 hr with increased concentrations of DUB inhibitors or vehicle (DMSO) control. MNCs were 

stained with anti-CD19, anti-CD4 and anti-CD5 antibodies, then the viability was measured by FACS 

using Annexin V FITC/7-AAD staining.  The IC50 was measured for MNCs (black line), healthy B (pink 

line) and T (oil green line) cells by gating on positive CD19 APC-Cy7 and CD4 FITC cells (a, b, d, e, g, 

h). The IC50 was measured for CLL (blue line; a, b, d, e, g, h), MEC1 (brown line; c, f, i, j, l), and HG-3 

(grey line; c, f, i) cells. (k) Table of determined IC50 values with inhibitors and cell types as indicated, 
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measured by µM. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, 

Tukey test (a, d, g); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤0.0001. 

 

3.3.15 Pan-deubiquitinase inhibitor (PR-619) induced rapid downregulation 

of FOXOT24 phosphorylation in a concentration dependent manner 

To investigate a role for DUB enzymes in regulating FOXO1 expression, we treated MEC1 

cells with PR-619, pan-DUB inhibitor, with increasing concentrations of drug (3 µM, 6 µM, 

9 µM) for the following times: 1 hr, 2 hr, 4 hr for each timepoint (Figure 3.20a). FOXOT24 

phosphorylation was reduced in PR-619 treated cells compared to NDC in a concentration 

dependent manner (Figure 3.20a, b). The downregulation of FOXOT24 phosphorylation was 

consistent across all timepoints, peaking at 1 hr of PR-619 treatment (Figure 3.20b). At 1 hr 

of PR-619 treatment, FOXO1 expression was slightly reduced in a concentration dependent 

manner compared to NDC (Figure 3.20c). However, at 2 hr and 4 hr of treatment, the 

expression of FOXO1 was unaffected by the increased concentration of PR-619 (Figure 

3.20c). While the expression of MCL1 increased slightly with drug, MCL1 levels were 

reduced with the highest dose at 4 hr of treatment (Figure 3.20d). Although, the level of 

p21Waf1/Cip1 expression mostly was unaffected by the drug at low and higher concentrations, 

p21Waf1/Cip1 expression levels were modestly reduced at 4 hr with the highest dose of PR-

619 (Figure 3.20e). Despite the visible increase in MDM2 expression level with low dosage 

of PR-619 (3 µM) at 1 hr and 4 hr, MDM2 levels were depleted with the highest dose after 

4 hr of treatment (Figure 3.20f).  

As expected, PR-619 inhibitor increased overall ubiquitination of proteins in a concentration 

manner (Figure 3.20g & h). Densitometry analysis of ubiquitination showed an elevation of 

levels of ubiquitinated proteins at 1 hr and 2 hr compared to NDC. Notably, the most 

significant increase in ubiquitinated protein levels occurred at 2 hr with the highest 

concentration and at 4 hr with lower concentrations (3 µM, 6 µM) compared to NDC. These 

data indicate that short time incubation PR-619 may induce downregulation of FOXO1T24 

phosphorylation in a concentration-dependent manner. 
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Figure 3.20: Increasing concentrations of PR-619 demonstrably reduced FOXOT24 

phosphorylation in a concentration dependent manner.  
(a, g) Representative Western blot of MEC1 cells, treated with increased concentration of PR-619 (3 

µM, 6 µM, 9 µM) for the indicated timepoints (1 hr, 2 hr, 4 hr; hour) or no drug control (NDC; DMSO). 

The blots were probed for FOXO1T24 phosphorylation, FOXO1, MCL1, p21Waf1/Cip1, MDM2, Ubiquitin 

and β-ACTIN (loading control; #1 and #2 representing mirror blots). Relative protein expression of 

(b) p-FOXO1T24 , (c) FOXO1, (d) MCL1, (e) p21Waf1/Cip1, (f) MDM2, and (h) Ubiquitin between no drug 

control (NDC/DMSO = black bar; n ≥ 2) and increased concentration of PR-619 (3 µM, 6 µM, 9 µM) 

treatment for (1 hr = oil green bar; n ≥ 2), (2 hr = blue bar; n ≥ 2), and (4 hr = red bar; n ≥ 3). Samples 

were normalised to loading control β-ACTIN. The mean expression levels of proteins in NDC were 

used to calculate the relative protein expression levels of NDC and PR-619 increased concentration 

at the indicated timepoints. Each dot represented an Individual datapoint. Data expressed as the 

mean ± SEM. Statistics calculated by One-way ANOVA, Dunnett test (b-f, h); * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001. 
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3.3.16 WP1130 induced rapid downregulation of FOXOT24 phosphorylation 

and total FOXO1 expression in a concentration dependent manner 

To further explore the effects of DUB proteins in regulating the expression levels of total 

FOXO1 and FOXO1T24 phosphorylation, MEC1 cells were treated with WP1130 in increasing 

concentrations and incubation time as indicated (Figure 3.21a & g). FOXO1T24 

phosphorylation was significantly reduced in MEC1 cells in a dose-dependent manner 

compared to untreated controls (Figure 3.21b). This downregulation was sustained across 

all investigated timepoints for the highest concentrations (4 µM and 6 µM) (Figure 3.21b). 

For the lower concentrations (2 µM and 4 µM), the most significant effect peaked at 1 hr of 

treatment, demonstrating a more significant downregulation of FOXO1T24 phosphorylation 

levels compared to 2 hr and 4 hr treatment (Figure 3.21b). Interestingly, the highest 

concentration (6 µM) maintained consistently reduced levels of FOXO1T24 phosphorylation 

across all timepoints (Figure 3.21b). The effect of WP1130 treatment on FOXO1 protein 

levels revealed a concentration-dependent effect of WP1130 on FOXO1 levels, as visualised 

in the Western blot (Figure 3.21a & c). The data indicated that the lowest concentration (2 

µM) exhibited a transient downregulation at 1 hr, followed by upregulation at 2 hr which 

was restored to baseline levels at 4 hr compared to untreated MEC1 cells (Figure 3.21c). 

The higher concentration (4 µM) illustrated a consistent downregulation of FOXO1 levels 

across all timepoints, peaking at 1 hr and maintained across the observed timepoints 

(Figure 3.20c). The highest concentration (6 µM) demonstrated the most potent effect on 

FOXO1 expression, reducing its levels throughout the timepoints, peaking at 1 hr and a 

further reduction at 4 hr compared to 2 hr treatment (Figure 3.21c).  

The protein levels of MCL1 were unaffected by increased concentration of the treatment at 

1 hr, 2 hr and 4 hr compared to untreated MEC1 cells (Figure 3.21d). However, at 4 hr, the 

lowest concentration (2 µM) illustrated a significant increased, while the highest 

concentration (6 µM) demonstrated a significant downregulation of MCL1 levels compared 

to untreated cells (Figure 3.21d). Notably, the expression levels of MDM2 and p21Waf1/Cip1 

indicated that WP1130 treatment affects their expression levels in a time- and 

concentration- dependent manner (Figure 3.21e & f). The downregulation of MDM2 and 

p21Waf1/Cip1 was visible at 4 hr with the higher concentrations (4 µM and 6 µM), while the 

lowest concentration (2 µM) had little to no effect on their expression levels across the 

timepoints (1 hr, 2 hr and 4 hr) (Figure 3.21a, e, f).  
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Figure 3.21: Increasing concentrations of WP1130 significantly reduced FOXOT24 

phosphorylation in a concentration dependent manner.  
(a, g) Representative Western blot of MEC1 cells, treated with increased concentration of WP1130 
(2 µM, 4 µM, 6 µM) for the indicated timepoints (1 hr, 2 hr, 4 hr) or NDC (DMSO). The blots were 
probed for FOXO1T24 phosphorylation, FOXO1, MCL1, MDM2, p21Waf1/Cip1, Ubiquitin and β-ACTIN 
(loading control; #1 and #2 representing mirror blots). Relative protein expression of (b) p-FOXO1T24 
, (c) FOXO1, (d) MCL1, (e) MDM2, (f) p21Waf1/Cip1, and (h) Ubiquitin between NDC = black bar; n ≥ 2), 
and WP1130 treated cells (2 µM = pink bar; n ≥ 2), (4 µM = oil green bar; n ≥ 2), and (6 µM = purple 
bar; n ≥ 2) as indicated. Samples were normalised to loading control β-ACTIN. Each dot represents 
an individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way 
ANOVA, Dunnett test (b-f, h); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Consistent with expectations, treatment with WP1130 induced a dose-dependent increase 

in protein ubiquitination (Figure 3.21g & h). Densitometric analysis of the blots confirmed 

this observation, revealing a significant upregulation of ubiquitinated proteins at the higher 

concentrations (4 µM and 6 µM) after 1 hr and 2 hr compared to NDC (Figure 3.21h). 

Interestingly, at 4 hr timepoint, only the highest drug concentration maintained a 

significantly upregulated level of ubiquitination compared to NDC (Figure 3.21h). 

Unexpectedly, at this latest timepoint, all drug concentrations showed slightly lower levels 

of ubiquitination compared to the 1 hr and 2 hr timepoints (Figure 3.21h). 

These data indicated that short term incubation WP1130 may induce downregulation of 

FOXO1T24 phosphorylation and FOXO1 in a concentration-dependent manner. 
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3.4 Discussion 

This chapter provided an insight into the expression profile of FOXO1, which revealed an 

upregulation of FOXO1 at both mRNA and protein levels in CLL cells compared to healthy 

CD19+ B-cells. The BCR crosslinking with F(ab')2 fragment resulted in a rapid and transient 

increase in FOXOT24 phosphorylation and FOXO1 in primary CLL cells, which was blocked by 

ibrutinib, confirming the role of BCR signalling in FOXO1 modulation. Interestingly, this rapid 

and transient modulation was specific to protein levels, suggesting a mechanistic role for 

ubiquitination and deubiquitination in sustaining these transient upregulating levels of 

FOXOT24 phosphorylation and FOXO1. Further investigation using STRING database, a search 

tool for protein-protein interaction, identified potential DUB enzymes which may interact 

with FOXO1, including USP7, which could further interact with other DUB enzymes. Notably, 

protein expression levels of DUB enzymes were largely upregulated in CLL patient cells, 

suggesting a role for DUB enzymes in CLL disease progression. Treatment of MEC1 cells with 

increased doses of pan-DUB inhibitor (PR-619) and selective DUB inhibitor (WP1130) 

reduced the expression levels of FOXOT24 phosphorylation and FOXO1, which peaked at the 

earliest timepoint, revealing a potential role in sustaining the rapid transient upregulation 

of FOXOT24 phosphorylation and FOXO1 by BCR crosslinking with anti-IgM F(ab')2 fragment.  

 

3.4.1 FOXO family members are differentially regulated in CLL cells 

compared to healthy B-cells 

The transcription levels of FOXO family members were in alignment with Cosimo, Tarafdar 

(412) reported transcription levels, observing significant upregulation of FOXO1 and FOXO4, 

while FOXO3 levels did not differ between CLL patient samples and healthy B-cells. 

Furthermore, Cosimo, Tarafdar (412) reported an association between poorer prognostic 

features in CLL cells and the upregulation of FOXO1 expression levels, with factors including 

cytogenetic abnormalities, Binet stage, and patient treatment status. However, 

stratification within our CLL cohort based on these prognostic factors indicated no statistical 

differences in FOXO1 mRNA levels. This discrepancy may occur due to CLL heterogeneity 

and sample prognostic subset differences. However, FOXO1 regulation appears context 

specific. The mRNA levels of FOXO1 were elevated in CLL cells with del(17p), aligning with 

findings in CLL cell lines which demonstrated significantly higher FOXO1 mRNA levels in 

MEC1 (del(17p); poor prognostic) compared to HG-3 (del(13q); favourable prognostic) cells. 



   
 

  136 

The expression levels of FOXO family members could be regulated by microRNA including 

miR-21, miR-27a, miR- 96 and miR-128 which were showed to downregulate FOXO family 

members in MCF-7 breast cancer cells (519). MicroRNAs, a vast family of short non-coding 

RNAs, have emerged as post-transcriptional regulators of gene expression (520). 

Interestingly, inhibiting of these microRNAs restored FOXO1 levels and promoted cell death 

(519). While our data demonstrated upregulation levels of FOXO4, a downregulation trend 

of FOXO4 was observed in CLL patient cells harbouring del(17p). This reduction in FOXO4 

levels might be contributed to upregulation of a number of microRNAs in CLL with del(17p) 

(521), which may target and regulate FOXO4 expression. Additionally, p53, located on 

chromosome 17p, has been reported to interact with FOXO4 in senescent cancer cells (522). 

Therefore, in the absence of p53 due to del(17p), this interaction was disrupted and may 

contribute to the observed downregulation of FOXO4 levels in CLL with del(17p).  

 

Intriguingly, our data revealed an unexpected pattern in MCL1 expression, a BCL-2 family 

member closely associated with adverse prognostic outcomes in CLL. MCL1 mRNA levels in 

CLL cells demonstrated a trend toward downregulation compared to healthy B-cells. This 

observation suggested a potential association with IGVH mutational status, as unmutated 

IGVH reported to display significant upregulation of MCL1 transcription levels compared to 

mutated IGVH. However, limitations in the availability of data regarding the IGVH mutation 

status in our CLL cohort, restricted our ability to stratify MCL1 levels based on IGVH 

mutation status. Therefore, this unexpected trend in MCL1 levels in CLL cells may occur due 

to higher proportion of IGVH mutated CLL cells (523), skewing the overall MCL1 levels 

downwards. Additionally, MEC1 cells have CK and did not have somatic mutation (487), 

exhibited a significantly higher MCL1 levels compared to HG-3 cells, supporting the role of 

unmutated IGVH in upregulating MCL1 expression levels. Since our CLL cells were derived 

from PB, their quiescent state may have contributed to lower MCL1 mRNA levels. However, 

it has been reported that MCL1 transcription levels in CLL cells demonstrated similar 

expression levels between PB and LN samples (524), suggesting this explanation might be 

less likely.  

 

PTEN, a well-established tumour suppressor gene, plays crucial role in CLL pathogenesis 

(460, 507). PTEN-deficient CLL B-cells led to constitutive active PI3K/AKT signalling, 

promoting CLL cells development and survival (155). Given the known inactivation of both 
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PTEN and FOXO1 by BCR signalling pathway and their documented roles as tumour 

suppressors in CLL cells (155, 355, 412, 460), we investigated PTEN expression in CLL as 

another potential target regulated in a similar manner as FOXO1. The mRNA expression 

levels of PTEN in CLL cells were surprisingly similar to the levels of healthy B-cells. This 

finding contradicted our initial expectation of a significant downregulation in CLL based on 

its tumour suppressive function. Notably, one previous study reported a significant 

upregulation of PTEN mRNA in CLL cells compared to healthy B-cells (155). This study 

concluded that PTEN mRNA levels did not reflect the significant downregulation in protein 

levels which could suggest a role for post-translational regulators such as miR-21 affecting 

PTEN expression levels (155). Notably, it has been reported that in CLL with del(17p), PTEN 

protein was predominantly localised in the cytoplasm compared to the healthy B-cells 

which showed a balanced presence of PTEN in the nucleus and cytoplasm (460). This 

unbalanced in PTEN localisation may trigger compensatory upregulation of PTEN mRNA as 

a mechanism to maintain PTEN reduced activity. Additionally, another study linked PTEN 

mRNA upregulation with unmutated IGVH, suggesting a potential association of PTEN 

mRNA levels with poor prognosis (155). Further investigation using larger CLL cohort of 

patients harbouring del(17p) and mutated/unmutated IGVH would illuminate the 

relationship between PTEN mRNA expression and poor prognostic features. 

 

ZAP-70 is a tyrosine kinase predominantly expressed in T cells and NK cells (112). Increased 

expression of ZAP-70 in CLL cells is associated with enhanced BCR signalling, promoting cell 

proliferation and survival, and linked to poor prognosis (112). Our analysis revealed a 

significant upregulation of ZAP-70 mRNA levels in CLL cells compared to healthy B-cells, 

suggesting that our CLL cohort might harbour underlying features associated with poor 

prognosis. Notably, the upregulation was even more pronounced in CLL samples with 

del(11q) and to a lesser extent with del(17p) compared to normal cytogenetic, further 

consolidating ZAP-70 as an indicator of aggressive disease. Interestingly, we observed 

higher ZAP-70 mRNA levels in HG-3 cells, representing favourable prognosis, compared to 

MEC1 cells. This pattern was repeated with MYC expression, with HG-3 cells showing 

significantly higher levels of mRNA compared to MEC1 cells. these findings suggested that 

HG-3 cells might possess more active NF-кB pathway compared to MEC1 cells, making them 

an attractive model for studying this important signalling pathway in CLL cells.  
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To comprehensively assess FOXO family members activity in CLL cells compared to healthy 

B-cells, examining additional established FOXO target genes including CCND1-3, CDKN1A 

and CDKN1B would be desirable (412). This would provide a broader picture of FOXOs 

regulation and may reveal additional targets. Moreover, using techniques including RNA-

seq or ChIP-seq specifically focused on FOXO1 would provide valuable insights into FOXO1 

regulation, shed light on the complex roles of microRNAs, and its contribution to CLL 

progression.   

 

3.4.2 FOXO1T24 phosphorylation was downregulated, while FOXO1 was 

upregulated in CLL patient samples, highlighting the role of tonic signalling 

in CLL cells’ survival. 

Our data revealed a trend towards downregulation of both AKTS473 and FOXO1T24 

phosphorylation in CLL cells compared to healthy B-cells. This downregulation may be due 

to CLL cells residing in PB, where the cells might exhibit a quiescent state and lower 

phosphorylation levels. The lymphatic tissues serve as the primary site for BCR activation in 

both healthy and malignant B-cells (206). BCR activation, triggered by antigen binding 

(dependent ligation) or antigen independent inducing a cascade of signalling events that 

promote proliferation, differentiation, and antibody production in healthy B-cells (525). 

Additionally, in malignant B-cells, BCR signalling also plays an important role in disease 

pathogenesis (206, 526). BCR mutations leading to independent activation occur in some 

lymphomas like DLBCL (527) as well as CLL cells (528). Furthermore, in healthy B-cells, tonic 

signalling has been shown to promote survival primarily through the PI3K/AKT signalling 

pathway (400), although other pathways might also contribute to B-cells survival. This tonic 

signal which may trigger low-level phosphorylation compared to antigen-dependent BCR 

signalling (529), has been reported to be closely linked to ZAP-70 (160), which is strongly 

associated with unmutated IGVH (111, 530). Together, these findings suggested a level of 

activation in CLL cells, as evidenced by the detectable low levels of phosphorylation of 

AKTS473 and FOXO1T24 in our CLL cohort compared to healthy B-cells. This may also suggest 

that our CLL cohort primarily composed of cells with mutated IGVH, resulting in lower level 

of tonic signalling. Furthermore, stratification of AKTS473 and FOXO1T24 phosphorylation 

levels based on the presence/absence of unfavourable cytogenetic abnormalities showed 

significantly higher FOXO1T24 phosphorylation, while AKTS473 phosphorylation trended 
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toward lower levels compared to patient with normal cytogenetics. This increase in 

FOXO1T24 phosphorylation levels may be linked to unmutated IGVH and ZAP-70, leading to 

enhanced tonic signal and resulting in higher phosphorylation compared to normal 

cytogenetic. CLL cells demonstrated significantly higher levels of FOXO1 protein expression 

compared to healthy B-cells, aligning with Cosimo, Tarafdar (412) findings which indicated 

overexpression of FOXO1 in LN of poorer prognostic CLL patients. This pattern was further 

substantiated by MEC1 cells (poor prognosis) expressing significantly higher 

phosphorylation of FOXO1T24 and total FOXO1 compared to HG-3 cells (favourable 

prognosis), suggesting FOXO1 as a potential indicator of CLL pathogenesis. This 

upregulation of FOXO1 in MEC1 further supported by the concordant upregulation of 

FOXO1 mRNA levels in CLL cells. However, despite this upregulation, FOXO1 remains largely 

inactive in CLL cells through PI3K/mTOR/AKT signalling pathway (412, 414). This pathway 

phosphorylates FOXO1, promoting FOXO1 translocation from the nucleus, where it exerts 

its tumour-suppressive effects, to the cytoplasm, effectively silencing its anti-tumorigenic 

activity (344, 412). This intricate interplay between BCR signalling and FOXO1 activity 

highlighted the potential of targeting FOXO1 for CLL therapy.  

 

Although Smit, Hallaert (524) reported higher MCL1 levels in LN and upon CD40L co-culture, 

our PB-derived CLL samples showed levels similar to healthy B-cells. However, MCL1 tended 

to be upregulated in CLL patients with unfavourable cytogenetic abnormalities, supporting 

its association with poor prognosis and potentially influenced by unmutated IGVH status. 

Together, this suggested that the upregulation in MCL1 expression may be more prominent 

in LN microenvironment. As expected, our CLL cohort had significantly higher ZAP-70 

protein levels compared to healthy B-cells. This, along with the observed trend towards 

elevation in patients with unfavourable cytogenetics, further suggested features of poor 

prognosis within our cohort. ZAP-70 is known to be associated with both unmutated IGVH 

and poor prognosis (18, 111, 530), further strengthening this interpretation. CLL cells 

exhibited significantly lower PTEN protein levels compared to healthy B-cells, with a further 

downregulation in Binet stages B and C in compared to stage A, aligning with Schmid, 

Khadour (155) and indicating an association between low PTEN expression and poor 

prognosis in both mutated and unmutated CLL. Notably, the downregulation was more 

pronounced in unmutated CLL (81% vs. 63% for mutated) (155). However, our mRNA data 

showed similar PTEN levels, with significantly higher levels in CLL cells with del(17p). 
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Interestingly, our protein data hinted at a trend towards upregulation in the subset with 

unfavourable cytogenetics, despite the overall lower levels compared to healthy B-cells. 

This concordant trend in both protein and mRNA specifically within unfavourable 

cytogenetic abnormalities suggested a potential compensatory mechanism for PTEN 

inactivation due to its increased cytoplasmic presence in these high-risk subgroup of CLL 

cells (460). 

 

We aimed to profile the protein expression of FOXO1T24 phosphorylation and total FOXO1 

in CLL cell lines, MEC1 and HG-3. Our data revealed that MEC1 cells exhibited higher levels 

of both FOXO1T24 phosphorylation and total FOXO1, as well as P21Waf1/Cip1, P27Kip1, and a 

trend towards upregulation of MCL1 levels compared to HG-3 cells. Conversely, HG-3 

showed higher levels of PTEN, cMYC, and BIM (EL, L, S). These findings strengthen the 

association between MEC1 cells and poor prognosis, while HG-3 cells align more closely 

with favourable prognosis. Furthermore, MEC1 cells resemblance to poor prognosis and its 

overexpression of FOXO1, which aligned with observations of CLL cells in LN by Cosimo, 

Tarafdar (412), made MEC1 cells a more suitable model for studying FOXO1 expression and 

regulation. Additionally, the higher cMYC expression and lower FOXO1T24 phosphorylation 

in HG-3 cells suggested a lower dependence on the PI3K/AKT pathway and potentially a 

greater reliance on alternative pathways including NF-кB, as indicated by cMYC expression. 

Based on these findings, we will focus on MEC1 and primary CLL cells to investigate FOXO1 

regulation and its activity downstream the BCR signalling pathway. 

 

3.4.3 BCR signalling rapidly regulates the expression of FOXO1 in CLL cells.  

BCR signalling plays a fundamental role in B-cells survival through tonic signalling in 

quiescent cells and antigen-dependent signalling in LN (126, 525). This dependence on BCR 

signalling extends to CLL cells, dictating survival, disease progression, and treatment 

resistance (4). Importantly, the BCR serves as a key platform for integrating signals from 

different stimuli (402). PI3K, a key pathway downstream of the BCR, exhibited hyperactivity 

in CLL cells and correlated with poor prognosis in BL and DLBCL (531, 532). PI3K recruitment 

to the plasma membrane generates PIP3, essential for optimal BTK activation and 

subsequently AKT activation (52). It has been demonstrated that higher levels of PI3K-

signalling were implicated in CLL development and maintenance (400). Furthermore, 

constitutive PI3K activation, as seen in PTEN deficient mouse cells, accelerated CLL 
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development in young mice and promoted efficient engraftment and maintenance of CLL-

like B-cells in vivo and in vitro (155). Notably, in BCR-deficient B-cells, PI3K, but not NF-кB 

signalling pathway, was able to rescue mature B-cells from cell death, suggesting PI3K 

mediation of negative regulation of FOXO1 as central driver of B-cell survival (400). 

Together, these findings highlighted the crucial role of BCR signalling in CLL cell survival 

primarily though PI3K activation, with FOXO1 as a central target negatively regulated by 

phosphorylation and cytoplasmic translocation. Relating to our data, we observed rapid and 

transient upregulation of AKTS473, FOXO1T24 phosphorylation and FOXO1 upon BCR 

crosslinking with soluble F(ab')2 fragment, aligning with Cosimo, Tarafdar (412). However, 

the levels of AKTS473, FOXOT24 phosphorylation and FOXO1 upregulation in F(ab')2 stimulated 

CLL cells were heterogenous among our CLL samples. This heterogeneity may be associated 

to IGVH status and ZAP-70 expression in CLL cells (51, 112, 226). We speculated that the 

TME may enhance the durability of BCR signalling, which our monoculture model lacks. 

Additionally, FOXO1 is known to be negatively regulated by BCR signalling (400, 412), which 

may suggest that despite FOXO1 increased protein levels, FOXO1 was inactive in both LN 

and F(ab')2 stimulated CLL cells. Therefore, investigation of FOXO1 activity status in LN and 

PB-derived CLL cells would further enhance our understanding of FOXO1 role in CLL 

pathogenesis. It has been reported that FOXO family transcription factors play an important 

role in regulating genes involved in various cellular processes, including growth factor 

signalling, cell cycle arrest and apoptosis (342).  

 

Notably, cell division progression critically relies on CDKs to induce cell cycle progression 

towards S phase and initiate mitosis (533). This is tightly regulated by p21Waf1/Cip1 and P27Kip1 

which bind and inhibit CDK complexes and induce cell-cycle arrest (534). FOXOs influence 

this process by regulating the expression of cyclin-CDK inhibitors including p21Waf1/Cip1 

(CDKN1A) and P27Kip1 (CDKN1B), influencing cell cycle progression (535). However, the 

specific relationship between FOXO1 and its gene in the context of BCR signalling in CLL cells 

remains unclear. Our analysis of protein levels in CLL cells revealed no significant differences 

in p21Waf1/Cip1 and P27Kip1 expression upon BCR stimulation with F(ab')2 fragment. While a 

slight upregulation of p21Waf1/Cip1 was observed in some patient samples, its potential 

functional significance remains questionable due to reported cytoplasmic localisation 

through PI3K/AKT signalling pathway (536). Intriguingly, previous studies have 

demonstrated differential regulation of p21Waf1/Cip1 and P27Kip1 upon BCR crosslinking with 
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anti-IgM (537, 538). Upregulation of p21Waf1/Cip1 has been observed in immature B-cells 

stimulated with anti-IgM, associated with p53 expression (537). On the other hand, p27Kip1 

levels were unaffected by F(ab')2 stimulation up to 24 hr, while longer incubation with anti-

IgM (48-72 hr) had been shown to induce downregulation in mature B-cells (538). These 

findings highlighted the complex interplay between BCR signalling, FOXO1 

regulation/expression, and target proteins including p21Waf1/Cip1 and P27Kip1 in unstimulated 

and stimulated CLL cells. To further elucidate the role of FOXO1, p21Waf1/Cip1 and P27Kip1, 

investigation of protein localisation using assays including nuclear fractionation or 

immunofluorescence may reveal their functional state as well as potential role associating 

FOXO1 with p21Waf1/Cip1 and P27Kip1 upon BCR stimulation in CLL cells.  

 

The PI3K/AKT signalling pathway is negatively regulated by PTEN, which dephosphorylation 

PIP3 into PIP2 (539). Notably, our data revealed a significant upregulation of PTEN protein 

levels in CLL cells after 24 hr of F(ab')2 stimulation compared to unstimulated CLL cells. This 

observed increase may be attributed to the absence of the supportive TME in our in vitro 

experiments. This lack of TME may trigger a negative feedback loop, leading to increase 

PTEN expression as a compensatory mechanism. Additionally, prolonged exposure to 

soluble F(ab')2 fragment could induce this increase in PTEN expression, leading to PI3K/AKT 

pathway inhibition. It has been reported that BCR plays an important role in mediating the 

regulation of MCL1 in CLL cells (197). Notably, a previous study demonstrated that BCR 

stimulation with immobilised anti-IgM upregulated MCL1 levels, subsequently providing 

protection against BCL-2 inhibitor (venetoclax), while siRNA KD of MCL1 restored drug 

sensitivity (197). Our findings aligned with these observations, revealing a significant 

upregulation of MCL1 protein in F(ab')2 stimulated compared to unstimulated CLL cells. This 

increase in MCL1 expression further showed its potential involvement in BCR driving CLL 

progression. Interestingly, ZAP-70 expression, associated with enhanced BCR signalling 

(112), displayed heterogeneity in our CLL samples following F(ab')2 stimulated. While all 

stimulated CLL cells demonstrated consistent ZAP-70 upregulation levels at early timepoints 

(0.5-1 hr), ZAP-70 levels diverged at later timepoints (8-24 hr), decreasing in some CLL cells, 

and remaining upregulated in other samples. This observed heterogeneity may be 

attributed to patient specific IGVH mutation status, as previous studies have documented 

correlation between ZAP-70 expression and IGHV status (18, 111, 112, 226, 530). 

Furthermore, ZAP-70 data suggested a subtle effect of prolonged F(ab')2 stimulated on BCR 
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signalling depending on individual CLL patient characteristics, with distinct prognostic 

subsets. This indicated a potential difference within our CLL cohort in durability and signal 

strength in response to BCR crosslinked with F(ab')2. 

 

3.4.4 FOXO1T24 phosphorylation and FOXO1 were significantly reduced by 

ibrutinib in F(ab')2 stimulated CLL cells. 

As previously discussed, BCR signalling plays a crucial role in CLL survival and proliferation 

by regulating key pathways including PI3K/mTOR/AKT and NF-κB. Due to this centrality, 

targeted therapies including BTK and PI3K inhibitors have been developed (502, 503). This 

project focused on Ibrutinib, a first line BTK inhibitor for CLL patients with 

unmutated/mutated TP53 in the UK (540). This FDA-approved agent inhibits CLL 

proliferation, disrupts cytokine and chemokine signalling, reduces interactions with LN 

stromal cells, and induces direct cytotoxicity (263, 502, 541). Our data revealed that within 

1 hr of ibrutinib treatment, both MEC1 and F(ab')2 stimulated CLL cells exhibited blocking 

of AKTS473 and FOXO1T24 phosphorylation, and reduction in FOXO1 protein levels. While 

MEC1 cells maintained reduced AKTS473 and FOXO1T24 phosphorylation to a lesser extent at 

24 hr of ibrutinib treatment, FOXO1 levels returned to basal levels. This partial restoration 

of phosphorylation mirrors findings from a study which showed steady increases in AKT and 

FOXO1 phosphorylation by day 5 of ibrutinib treatment (413), potentially due to tonic 

signalling through the PI3K pathway (400). Our ex-vivo pre- and post-ibrutinib data 

supported this, showing trending downregulation of AKTS473 and FOXO1T24 phosphorylation, 

potentially maintained by PI3K tonic signalling. Interestingly, FOXO1 protein levels in MEC1 

cells increased after 24 hr of Ibrutinib treatment, which could be due to blocked FOXO1 

phosphorylation leading to protein accumulation. Two separate studies further support this 

observation, reporting FOXO1 (413) and FOXO3 (542) upregulation and accumulation in 

MEC1 cells after 24 hr of Ibrutinib treatment. Consistent with these findings, our ex-vivo 

data show a trend towards FOXO1 upregulation in post-ibrutinib CLL samples compared to 

pre-ibrutinib. Furthermore, ex-vivo analysis revealed higher expression of p21Waf1/Cip1, 

p27Kip1 and BIM in post-ibrutinib CLL samples compared to pre-ibrutinib. This may suggest 

that FOXO1 accumulation translates to functional activity, further supported by the 

significant upregulation of PTEN, a known FOXO1 effector (543), in post-ibrutinib CLL cells 

compared to pre-ibrutinib. While these observations suggested potential FOXO1 activation 

and nuclear localisation in post-ibrutinib CLL samples, further studies are needed to confirm 
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its activity and subcellular distribution. This investigation would highlight a potential 

tumour suppressive role for FOXO1 in post-ibrutinib-treated CLL cells. 

 

3.4.5 Transient upregulation of FOXO1 protein upon BCR crosslinking are 

caused by a post-translational mechanism.  

Rapid and transient changes in FOXO1 phosphorylation and protein levels observed in 

F(ab')2-stimulated CLL cells prompted us to investigate whether these alterations extended 

to the gene level. While EGR-1 gene expression confirmed effective BCR stimulation, mRNA 

levels of FOXO family members and their target genes (BCL2L11, CCND2) remained 

unchanged between stimulated and unstimulated CLL cells. This suggested that the 

observed FOXO1 upregulation at protein levels might be specific to the protein level, 

potentially mediated by post-translational mechanisms. This finding suggested that FOXO1 

protein is post-translationally regulated by DUBs and ubiquinitation including 

mono/polyubiquitination chains which are linked by Lys48- or K48- ubiquitin (360, 460). Of 

note, ubiquitination of a protein is reversed by DUBs enzymes which remove ubiquitin 

chains and prevent both lysosomal and proteasomal degradation, enhancing protein 

stability (544). In CLL cells, DUB enzymes and particularly USP7, are shown to play an 

important role in oncogenesis through inactivation of three key tumour suppressors 

including PTEN, FOXOs and p53 proteins (460).  USP9x and USP14 play a major role in 

tumorigenesis of DLBCL (545), MM (466) and prostate cancer (546). Little is known about 

the molecular mechanism of FOXO1 association with DUB enzymes in CLL cells, however 

USP7, has been reported to regulate FOXO family members in various diseases including 

melanoma (478), HEK293T cells (360), hepatic gluconeogenesis (477) and lung cancer (547). 

Importantly, USP7 cleavage of monoubiquitinated FOXOs leads to cytoplasmic localisation 

and decreased activity (360, 477). Collectively, given the lack of mRNA level changes and 

the established role of DUBs in FOXOs regulation, we hypothesised that the transient FOXO1 

upregulation in F(ab')2 stimulated CLL cells is primarily driven by post-translational 

mechanisms, particularly associated with DUB proteins. Therefore, our study focused on 

investigating the association between DUB proteins and FOXO1 upon BCR stimulation and 

inhibition, as well as exploring the potential therapeutic implications of selective DUB 

inhibitors. 
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3.4.6 Analysis of DUB family gene expression in ex-vivo CLL cells revealed 

high heterogeneity in their transcription levels. 

The STRING protein-protein interaction database revealed a high confidence score for 

association between FOXO1 and USP7, with USP7 further connecting to USP9x and USP14 

with similar confidence. Building on this, we investigated the mRNA expression levels of 

these DUBs in ex-vivo PB-derived CLL cells and healthy B-cells. While our data showed no 

significant difference in USP7 mRNA levels between CLL and healthy B-cells, this contrasted 

with a study that showed upregulation of USP7 in CLL (460). This discrepancy may arise 

from CLL heterogeneity, differences in prognostic subsets between our CLL cohort and the 

mentioned study, or limitations in obtaining age-matched B-cells from healthy donors. 

Notably, USP7 overexpression has been associated with poor prognosis features including 

del(17p), TP53 mutations, and ibrutinib resistance (459), and our data aligned with this by 

demonstrating higher mRNA levels of USP7 in MEC1 compared to HG-3 cells. However, the 

limited availability of patient information in our CLL cohort restricted further investigation 

into association between USP7 mRNA levels and poor prognostic features in CLL cells. 

USP9x was significantly lower in CLL cells compared to healthy B-cells. This downregulation 

was unexpected, and it may be because USP9x protein levels were higher in B-cells 

compared to monocytes and granulocytes (548). This study also showed that the protein 

levels of USP9x were high in the LN which may indicate that expression of USP9x is LN 

specific, while our CLL cohort was PB-derived cells (548). In B-cells, USP9x is essential for 

PKCβ kinase activation after BCR activation (482), further supporting its potential LN 

expression specificity. Interestingly, USP9x mRNA levels were similar in MEC1 and HG-3 

cells, suggesting its expression was unaffected by cytogenetic abnormalities, consistent 

with ex-vivo CLL cells analysis.  

Like USP7, USP14 levels were similar in CLL and healthy B-cells, as well as in MEC1 and HG-

3 cells. This suggested that USP14 mRNA levels might be unaffected by CLL prognosis 

features including cytogenetic abnormalities. Contrary to our data, in NHL, the mRNA levels 

of USP14 were upregulated compared to PBMCs from healthy donors (549). However, our 

analysis was limited by the lack of complete prognosis information in our CLL cohort and 

the absence of age-matched B-cells from healthy donors, prevented us from associating 

USP14 levels with specific prognostic features including IGVH mutation status and CD38 

expression. Further studies with larger, well-annotated CLL cohorts and age-matched B-cell 
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from healthy donors are desirable to validate these findings and address the limitations 

previously mentioned. Additionally, investigating protein levels and activities of these DUBs, 

along with their functional interactions with FOXO1, could provide an insight into their roles 

in CLL pathogenesis and potential therapeutic target. 

 

3.4.7 ex-vivo CLL cells have upregulated DUB protein levels, suggesting a 

potential association between DUB expression and CLL prognosis. 

STRING database predictions indicated that USP7 might act as a central hub connecting 

several DUB enzymes and interacts with FOXO1 (34), potentially altering FOXO1 function 

and fate. Compared to healthy B-cells, CLL cells, particularly those with poor cytogenetic 

abnormalities, exhibited overexpression of USP7, 8, 9x, 10, and 14. This suggested potential 

interactions between these DUBs, as their coordinated overexpression aligned with their 

predicted association with USP7. Further analysis in MEC1 and HG-3 cell lines revealed a 

slight but consistent upregulation of USP7, mirroring the trend observed in CLL cells with 

unfavourable cytogenetics. This aligns with reports linking USP7 expression to del(17p) and 

TP53 mutation (459), both present in MEC1 cells and associated with poor prognosis in CLL. 

Although, USP8 was not significantly different between CLL cells with normal and 

unfavourable cytogenetics, USP8 levels were higher in MEC1 cells compared to HG-3 cells, 

hinting at a potential association with poor prognosis. This was consistent with reported 

USP8 involvement in MLL leukaemogenesis and its potential role as driver gene of poor 

prognosis in CLL (87, 515). USP9x showed a trend towards upregulation in CLL patient cells 

with poor cytogenetics, whereas MEC1 and HG-3 cells, despite differing in prognostic 

features, displayed similar USP9x levels. Interestingly, despite USP9x reported role in 

stabilising MCL1 and the correlation between their expression in other models, our data 

suggested no such link in CLL. This aligned with report of MCL1 levels being independent of 

USP9x KD in ovarian cancer cells (545). USP10 levels followed a similar pattern, being higher 

in MEC1 cells and showing no significant differences based on CLL cytogenetics, mirroring 

USP8 expression. This aligned with USP10 reported role in stabilising SYK in AML and its 

association with poor prognosis (550). USP14 and USP9x, known to be overexpressed and 

associated with poor prognosis in MM (545, 551). Finally, USP1, 18, and 28 also showed 

trends towards upregulation in CLL samples, particularly those with poor cytogenetic 

abnormalities. While USP1 and USP18 were not connected to FOXO1 in the STRING 
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database, their reported roles in cancer development justify further investigation (552, 

553). Our data supported the STRING database prediction of USP7 as a central hub 

connecting multiple DUBs, with their coordinated overexpression observed in CLL, 

particularly those with poor cytogenetic features.  

Interestingly, our data revealed a dissociation between mRNA and protein levels for USP7 

and USP14 in CLL cells compared to healthy B-cells. While their mRNA levels were similar 

in both CLL cells and healthy B-cells, protein levels for both DUBs were significantly 

upregulated in CLL cells. Conversely, USP9x exhibited a significant decrease in mRNA, yet 

the protein levels showed significant upregulation in CLL cells compared to healthy B-cells. 

This discrepancy between the mRNA levels and protein levels may arise from several factors 

including the efficiency of ribosomes translation of mRNA into protein, competition for 

tRNA availability, protein stability and half-life, folding secondary structure, elongation 

modulation and quality control checkpoints may all contribute to the mRNA protein level 

variations (554-556). 

 

3.4.8 CLL cells possess a higher sensitivity to DUB inhibitors, suggesting a 

potential therapeutic window for targeting DUBs in CLL treatment. 

Our in vitro studies demonstrated that DUB inhibitors selectively targeted and reduced the 

viability of CLL cell subsets while sparing healthy T and B-cells. Broad-range inhibitor PR-

619 and selective USP7 inhibitor P5091 achieved this selectivity, while the dual USP9x/14 

inhibitor WP1130 reduced both CLL and B-cell viability. This differential sensitivity suggests 

a reliance of CLL cells on specific DUB activities for their survival (557). The importance of 

DUBs in CLL is supported by their documented role in regulating crucial pathways including 

PI3K (460). As reported recently, PR-619 downregulated AKT and ERK phosphorylation and 

upregulated p21Waf1/Cip1, thereby inhibiting cell proliferation and cell cycle progression in 

cancer cell lines JJ012 and SW1353 cells (558). Similarly, treatment with P5091 in MEC1 

cells enriched the nuclear fraction of PTEN, potentially activating it and suppressing the 

PI3K pathway (460). While WP1130 inhibited USP9x activity, leading to reduced MCL1 levels 

and cell growth inhibition in T-ALL cells in vivo (557). HBX19818 induces apoptosis in CLL 

cells with similar efficacy in both mono- and co-culture settings, further supporting the 

sensitivity of CLL cells to DUB inhibition (84). Collectively, the selective targeting and 

effectiveness of DUB inhibitors against CLL cells, coupled with their documented roles in 
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cancer relevant pathways, suggested a promising therapeutic window for DUB inhibitors in 

CLL cells. 

 

3.4.9 Both PR-619 and WP1130 induced a concentration-dependent 

decrease in FOXO1T24 phosphorylation, suggesting that DUBs may play a role 

in regulating FOXO1 activity.  

Our findings revealed that PR-619 reduced FOXO1T24 phosphorylation in a dose-dependent 

manner, with the strongest effect observed at earlier time points. This aligned with 

expectations, as PR-619 was reported to inhibit AKT phosphorylation (558), and we 

previously demonstrated that FOXO1 was phosphorylated downstream of AKT in CLL cells. 

Interestingly, PR-619 did not affect FOXO1 protein expression, unlike ibrutinib which 

previously showed to downregulate FOXO1 upon BCR inactivation. This suggested 

alternative regulatory mechanisms for FOXO1, possibly involving direct protein interactions 

or BCR-mediated transient modifications. While PR-619 displayed a dose- and time-

dependent reduction in p21Waf1/Cip1 levels, this finding initially appeared contradictory to 

reported p21Waf1/Cip1 upregulation upon PR-619 inhibition. However, MDM2 expression also 

decreased in a similar manner, aligning with reported USP7 stabilising of MDM2, an E3 

ligase targeting p53 for degradation (459). Notably, PR-619 mediated apoptosis has been 

shown to occur independently of ATM and TP53 status, even sensitising p53-defective cells 

to chemotherapeutic agents (459). Additionally, PR-619 induced ubiquitination and protein 

accumulation, suggesting potential partial proteasomal inhibition alongside DUB enzymes 

inhibition. 

WP1130 exhibited similar effects to PR-619, including reducing in FOXO1T24 

phosphorylation and MDM2 expression, as well as increasing ubiquitination. However, 

unlike PR-619, WP1130 also downregulated FOXO1, and both p21Waf1/Cip1 and MCL1 levels. 

These observations suggest distinct target profiles for these inhibitors within the DUB 

family. While both PR-619 and WP1130 effectively reduced FOXO1T24 phosphorylation and 

increased ubiquitination, the unexpected decrease in p21Waf1/Cip1 with PR-619 justified 

further investigation. Cellular fractionation or immunofluorescence techniques could reveal 

the subcellular localisation of p21Waf1/Cip1 and FOXO1, providing insights into their potential 

activity. 
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Chapter 4. Exploring DUB protein modulation of FOXO1 
expression, subcellular localisation and activity in CLL cells 
via BCR signalling pathway. 

 

4.1 Introduction 

Ibrutinib and other BTK-targeting treatments are now a leading first-line therapy for CLL 

patients (559-563), indicating the significance of BCR signalling in driving CLL development 

and survival (51). Our previous data demonstrated a rapid and transient upregulation of p-

FOXO1T24 and total FOXO1 expression upon BCR crosslinking with F(ab')2 fragment and this 

upregulation was specific to FOXO1 protein levels. This rapid upregulation was suspected 

to be regulated by ubiquitination and deubiquitylation which has been suggested in several 

studies (326, 360, 477, 564). A number of DUB proteins have been shown to regulate key 

tumour suppressors including FOXO1, PTEN and p53, of which USP7 particularly affects 

their stability and controls their activity and expression (460, 477, 565). This suggested a 

role for DUB proteins, and particularly USP7, USP9x and USP10, in regulating FOXO1 directly 

or indirectly through regulating key proteins in the BCR signalling pathway including 

mTORC2 and ZAP-70 (477, 479, 480, 482, 566). Therefore, we investigated  the regulation 

of DUB proteins following BCR crosslinking, as BCR signalling is an effector of FOXO1 

expression (412). 

Using the pan-DUB inhibitor PR-619 and selective USP5, 9x, and 14 inhibitor WP1130, we 

demonstrated an effective reduction in p-FOXO1T24 after 1 hr of treatment. FOXO1 

phosphorylation is reported to delocalise FOXO1 from the nucleus to the cytoplasm, 

resulting in its inactivation (412, 567, 568). These data indicated a role for DUB inhibitors in 

regulating FOXO1 expression and potentially activity. Furthermore, it has been reported 

that USP9x stabilises the protein expression of MCL1 in MM cells (545). Additionally, PTEN, 

a negative regulator of the PI3K/AKT pathway (569), is inhibited by BCR activation (570), 

and USP7 has been reported to supress PTEN in CLL cells (460). We investigated their 

regulation in the context of BCR signalling and examined DUB inhibitors effect to 

understand the potential role of DUBs in regulating the BCR pathway. 
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4.2 Specific aims 

Our data indicate that FOXO1 is an effector of the BCR signalling pathway, where BCR 

crosslinking results in a transient upregulation of FOXO1T24 phosphorylation and total 

FOXO1, and this is reversed by the BTK inhibitor ibrutinib. FOXOs are post-translationally 

regulated by phosphorylation, methylation, ubiquitination and deubiquitination (360). 

Since FOXO1 expression was transiently upregulated by BCR crosslinking, the role of DUB 

proteins in regulating FOXO1 expression, localisation, target genes, and activity are 

investigated in this chapter. 

I. Investigate BCR crosslinking with F(ab')2 fragment time-course on the expression of 

DUB protein in primary CLL cells. 

II. Examine the impact of ibrutinib alone or in combination with DUB inhibitors on 

AKT/FOXO1 axis in MEC1 and primary CLL cells, analysing cell viability, proliferation, 

cell cycle progression and FOXO regulation - transcription levels of FOXO1 target 

genes, subcellular localisation and FOXO1 DNA binding activity - in MEC1 cells and 

primary CLL cells. 

III. Determine the interaction between FOXO1 and DUB proteins in MEC1 and CLL cells. 

IV. Investigate the role of USP7 and USP9x through shRNA KD alone or in combination 

with ibrutinib on regulating FOXO1 expression, subcellular localisation, activity, and 

cell viability and proliferation in MEC1 cells.  
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4.3 Results 

4.3.1 The expression of DUB proteins in primary CLL cells were unaffected by 

BCR crosslinking with F(ab')2 fragment. 

To investigate DUB protein family expression following BCR crosslinking, we stimulated 

primary CLL cells with F(ab')2 fragment from 0.5 - 24 hr (Figure 4.1a). The data showed no 

significant difference in USP7 protein expression between unstimulated and stimulated CLL 

cells at the examined time points (Figure 4.1a & b). The protein levels of USP9x did not 

change between unstimulated and up to 8 hr of F(ab')2 stimulation, however a significant 

upregulation of USP9x was noted compared to unstimulated CLL cells at 24 hr (Figure 4.1a 

& c). The expression levels of USP10 showed some variation between different CLL patients, 

with a slightly increased expression at the later timepoints compared to unstimulated CLL 

cells (Figure 4.1a & d). 

 
Figure 4.1: The protein expression of USP7, 9x and 10 in primary CLL cells stimulated with 
F(ab')2 fragment.  
(a) Representative Western blot of primary CLL sample (CLL173), unstimulated (US; -) or stimulated 
(+) with F(ab')2 fragments (10 ng/mL) for the indicated timepoints (hour; hr), (0.5 – 24 hr). The blot 
was probed for USP7, USP9x, USP10 and β-ACTIN (loading control). Relative protein expression of 
(b) USP7, (c) USP9x, and (d) USP10 between unstimulated (US = black bar; n ≥ 4) and F(ab')2 

stimulated for (0.5 hr = pink bar; n ≥ 4), (1 hr = navy bar; n ≥ 4), (2 hr = purple bar; n ≥ 4), (4 hr = 
light purple bar; n ≥ 3), (8 hr = blue bar; n ≥ 3), (24 hr = oil green bar; n ≥ 4). Samples were expressed 
relative to loading control β-ACTIN. The mean expression levels of proteins in US were used to 
calculate the relative protein expression levels of US and F(ab')2 stimulated timepoints. Each dot 
represents an individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-
way ANOVA, Dunnett test (b-d); *** p ≤ 0.001. 
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4.3.2 DUB inhibitors PR-619, P5091 and WP1130 rapidly reduce p-FOXOT24 

levels in MEC1 cells in a concentration dependent manner.  

Building on our previous findings that PR-619 and WP1130 reduce p-FOXO1T24 after 1 hr of 

treatment (Figure 3.20 & 3.21), which could impact on FOXO1 activity, MEC1 cells were 

treated with increasing concentrations of PR-619, P5091 or WP1130 according to their IC50 

by FACS, p-AKTS473 and p-FOXO1T24 levels were assessed (Figure 4.2a). The data indicated 

that PR-619 significantly reduced the p-AKTS473 in a concentration dependent manner 

(Figure 4.2a & b). While the downregulation of p-AKTS473 was observed at the lowest 

concentration (3 µM) of PR-619, it was significant at the higher concentrations (6 µM and 9 

µM) compared to untreated MEC1 cells (Figure 4.2a & b). The expression of AKT was 

unaffected by PR-619 treatment (Figure 4.2a & c). While the effect of PR-619 on p-FOXO1T24 

followed a similar pattern as p-AKTS473, the expression levels of FOXO1 were similar to 

untreated levels at the lower concentrations, with a trend towards downregulation (p= 

0.06) in the highest concentration (9 µM) (Figure 4.2a, d, e).  

P5091 did not significantly affect p-AKTS473 or AKT levels in a concentration dependent 

manner in MEC1 cells (Figure 4.2a, f, g). However, p-FOXO1T24 levels were significantly 

reduced at higher concentrations in response to increasing concentrations of P5091 (Figure 

4.2a & h). Unlike pan-DUB inhibitor PR-619, the expression of FOXO1 was unaffected by the 

increased concentrations of P5091 treatment (Figure 4.2a & i). 

Interestingly, WP1130 treatment induced a significant upregulation of p-AKTS473 with 

increased concentration, while AKT expression was significantly reduced compared with 

untreated MEC1 cells (Figure 4.2a, j, k). The p-FOXO1T24 and total FOXO1 levels were 

reduced in a dose-dependent manner compared to untreated MEC1 cells (Figure 4.2a, l, m). 

While the reduction of p-FOXO1T24 was significant with all the investigated concentrations, 

the reduction in total FOXO1 was statistically significant in the higher concentrations (4 µM 

and 6 µM) (Figure 4.2l & m). Collectively, DUB inhibitors reduce p-FOXO1T24 and total FOXO1 

expression in a dose-dependent manner.  
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Figure 4.2: DUB inhibitors PR-619, P5091 and WP1130 reduced p-FOXO1T24 in MEC1 cells 
in a concentration dependent manner.  
(a) Representative Western blot of MEC1 cells, treated with increased concentration of PR-619 (3 
µM, 6 µM, 9 µM; orange bar), P5091 (10 µM, 20 µM, 30 µM; oil green bar), and WP11300 (2 µM, 4 
µM, 6 µM; blue bar) for 1 hr or no drug control (NDC; DMSO). The blots were probed for p-AKTS473, 
AKT, p-FOXO1T24, FOXO1, and GAPDH (loading control; #1 and #2 representing mirror blots). Relative 
protein expression of (b, f, j) p-AKTS473, (c, g, k) AKT, (d, h, i) p-FOXO1T24, and (e, j, m) FOXO1, between 
NDC (black bar) and increased concentrations of PR-619 (n ≥ 3; orange bar), P5091 (n = 4; oil green 
bar), and WP1130 (n ≥ 4; blue bar) treatments. Samples are expressed relative to loading control 
GAPDH. The mean expression levels of proteins in NDC were used to calculate the relative protein 
expression levels of NDC and PR-619, P5091, WP1130 treatments. Each dot represented an 
individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, 
Dunnett test (b-m); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

The expression levels of MCL1 were significantly increased in MEC1 cells treated with the 

lowest concentration of PR-619 treatment, while higher concentrations did not significantly 
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change MCL1 expression compared with untreated MEC1 cells (Figure 4.3a & b). The 

expression of PTEN was slightly elevated with PR-619 treatment at the lowest concentration 

(3 µM) (p = 0.18), while the higher concentrations (6 µM and 9 µM) demonstrated similar 

levels of PTEN as untreated MEC1 cells (Figure 4.3a & c). We also examined the impact of 

PR-619 treatment on the expression DUB protein family members which has been reported 

to be involved in haematological malignancies including USP7, 9x and 14 (467, 515-517). 

The data indicated that the expression levels of both USP7 and USP9x were unaffected by 

the increase concentration of PR-619 in compared to untreated MEC1 cells (Figure 4.3a, d, 

e). However, the expression levels of USP14 were slightly but significantly elevated in MEC1 

cells treated with increased concentrations of PR-619 (Figure 4.3a & f). 

P5091 treatment resulted in a significant decrease in the expression levels of MCL1 at the 

highest concentration (30 µM) of the inhibitor compared to untreated MEC1 cells (Figure 

4.3a & g). PTEN levels were unaffected by the increased concentrations of P5091 compared 

to untreated MEC1 cells (Figure 4.3a & h). Similarly, USP7, 9x and 14 levels were unaffected 

by increased concentration of P5091 compared to untreated MEC1 cells (Figure 4.3a, i-k).  

WP1130 treatment resulted in a significant decrease in MCL1 expression in a concentration 

dependent manner compared to untreated MEC1 cells (Figure 4.3a & l). The expression 

levels of PTEN were significantly reduced with the highest concentration of WP1130, while 

the lower concentration of the inhibitor showed no effect on PTEN expression levels 

compared to untreated MEC1 cells (Figure 4.3a & m). Similar to PTEN, USP7 and USP14 

were significantly downregulated at the highest concentration of inhibitor, while USP9x 

expression levels were unaffected by the increased concentration of WP1130 compared to 

MEC1 cells (Figure 4.3a, n-p).  
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Figure 4.3: DUB inhibitors differentially impact MCL1 and PTEN expression in MEC1 cells.  
(a) Representative Western blot of MEC1 cells, treated with increased concentration of PR-619 (3 

µM, 6 µM, 9 µM; orange bar), P5091 (10 µM, 20 µM, 30 µM; oil green bar), and WP11300 (2 µM, 4 

µM, 6 µM; blue bar) for 1 hr or no drug control (NDC; DMSO). The blots were probed for MCL1, 

PTEN, USP7, USP9x, USP14, and GAPDH (loading control; #1 and #2 representing mirror blots). 

Relative protein expression of (b, g, l) MCL1, (c, h, m) PTEN, (d, i, n) USP7, (e, j, o) USP9x, and (f, k, 

p) USP14 between NDC (black bar) and increased concentration of PR-619 (n ≥ 3; orange bar), P5091 

(n = 4; oil green bar), and WP1130 (n ≥ 4; blue bar). Samples were normalised to loading control 

GAPDH. The mean expression levels of proteins in NDC were used to calculate the relative protein 

expression levels of NDC and PR-619, P5091, WP1130 treatments. Each dot represented an 

individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, 

Dunnett test (b-p); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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4.3.3 Combination of Ibrutinib treatment with DUB inhibitors enhanced 

apoptosis in MEC1 and primary CLL cells. 

To investigate the combination potential of ibrutinib with DUB inhibitors in MEC1 and 

primary CLL cells, we treated MEC1 cells with PR-619, WP1130 and P5091 for 48 hr alone 

or in combination with ibrutinib, while primary CLL cells were treated with HBX19818 for 

24 hr alone or in combination with ibrutinib. Cell viability was determined using Annexin V 

and 7-AAD staining and analysed by FACS (Figure 4.4). The data illustrate that ibrutinib 

reduced the viability of MEC1 cells by 9% compared to untreated cells, while the 

combination of ibrutinib with PR-619 resulted in significant reduction of 57% in the viability 

of MEC1 cells compared to ibrutinib alone (Figure 4.4a). Furthermore, the combination 

reduced MEC1 viability by 10% compared to PR-619 single treatment (Figure 4.4a). 

Similarly, the combination of ibrutinib with WP1130 significantly decreased the viability of 

MEC1 cells by 46% compared to ibrutinib single treatment, enhancing the reduction in 

MEC1 viability by 20% compared to WP1130 alone (Figure 4.4b). The combination of 

ibrutinib with P5091 demonstrated a significant decrease of 43% in viability of MEC1 cells 

compared to ibrutinib treatment. This combination enhanced the reduction in MEC1 

viability by 19% compared to P5091 single treatment (Figure 4.4c).  

The effect of ibrutinib in the viability of primary CLL cells was similar to MEC1 cells, showing 

a reduction of 9% compared to the viability of untreated cells. The combination of ibrutinib 

with HBX19818 demonstrated a significant reduction in the viability of CLL cells by 55% 

compared to ibrutinib treatment alone. The combination reduced viability of CLL cells by a 

further 23% compared to HBX19818 alone (Figure 4.4d).   
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Figure 4.4: Combination of ibrutinib with PR-619, WP1130, P5091 or HBX19818 enhanced 
their apoptotic effectiveness in MEC1 and primary CLL cells.  
Representative FACS dot plots are shown of MEC1 cells (a-c) or primary CLL cells (d) stained with 
Annexin V and 7-AAD to evaluate cell viability following no drug control (NDC/DMSO = black bar), 
and treatment with ibrutinib (IBR) ± DUB inhibitors, as indicated. (a) Treatment with IBR (pink bar; 
1 μM), PR-619 (PR = red bar; 3 μM), and combination (PR/IBR = purple bar) for 48 hr (n = 3). (b) 
Treatment with IBR (pink bar; 1 μM), WP1130 (WP = blue bar; 2 μM), and combination (WP/IBR = 
purple bar) for 48 hr (n = 3). (c) Treatment with IBR (pink bar; 1 μM), P5091 (P = brown bar; 10 μM), 
and combination (P/IBR = purple bar) for 48 hr (n = 3). (d) Treatment with IBR (pink bar; 1 μM), 
HBX19818 (HBX = oil green bar; 4 μM), and combination (HBX/IBR = purple bar) for 24 hr (n = 3). 
Viability is defined as Annexin V negative and 7-AAD/DAPI negative. Percentage viable cells for each 
condition are relative to NDC for MEC1 cells or primary CLL cells. Each dot represented an individual 
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datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test 
(a-d); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

 

4.3.4 The combination of Ibrutinib with DUB inhibitors maintained the 

downregulation of AKTS473 and FOXO1T24 phosphorylation in MEC1 cells 

Building on the potential of combining ibrutinib with DUB inhibitors suggested in section 

4.3.3, we investigated the effects of this combination on the BCR signalling pathway, 

particularly FOXO1T24 phosphorylation and total FOXO1 levels. As expected, MEC1 cells 

treated with ibrutinib significantly reduced the p-AKTS473 compared to untreated (Figure 4.5 

& 4.6a). PR-619 treatment also significantly reduced p-AKTS473, which was further enhanced 

by the combination with ibrutinib (Figure 4.5 & 4.6a). The expression of AKT was unaffected 

by drug treatments (Figure 4.5 & 4.6b). Similar to AKTS473 phosphorylation, p-FOXO1T24 

levels were significantly reduced by ibrutinib treatment in compared to controls (Figure 4.5 

& 4.6c). MEC1 cells treated with PR-619 significantly decreased p-FOXO1T24, with the 

combination exhibiting a further reduction compared to PR-619 single treatment and 

untreated controls (Figure 4.5 & 4.6c). FOXO1 expression levels were significantly decreased 

with both ibrutinib and PR-619 treatments alone, and further reduced by the combination 

compared to untreated controls (Figure 4.5 & 4.6d). However, in all cases the combination 

of ibrutinib with PR-619 did not further enhance the inhibitors effect on p-AKTS473, p-

FOXO1T24 and total FOXO1 levels over ibrutinib alone. 

Treatment of MEC1 cells with either P5091 or HBX19818 alone or in combination with 

ibrutinib gave similar results in that both drugs significantly reduced the levels p-AKTS473 

when in combination with ibrutinib, compared to the DUB inhibitor alone, while expression 

of AKT was unaffected by the treatments (Figure 4.5, 4.6e, f, I, j). Additionally, these DUB 

inhibitors alone did not affect p-FOXO1T24 or total FOXO1 levels, and the combination had 

little or no effect in addition to the effect of ibrutinib treatment (Figure 4.5, 4.6g, h, k, l).  

Finally, WP1130 treatment of MEC1 cells in combination with ibrutinib significantly reduced 

p-AKTS473 levels in MEC1 cells compared to WP1130 alone which had no effect (Figure 4.5 

& 4.6m). AKT levels remained unchanged with drug treatments although there was a trend 

towards slight reduction in AKT expression with the combination of WP1130 and ibrutinib 

compared to ibrutinib (p = 0.23) and WP1130 (p = 0.18) alone (Figure 4.5 & 4.6n). WP1130 

treatment alone induced a noticeable reduction in p-FOXO1T24 (p = 0.25) or total FOXO1 
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levels compared with NDC (Figure 4.5 & 4.6o, p). The combination of WP1130 with ibrutinib 

induced a significant reduction in both p-FOXO1T24 and total FOXO1 compared to WP1130 

alone (Figure 4.5 & 4.6o, p). Indeed, the combination of WP1130 with ibrutinib reduced 

FOXO1 levels (p = 0.12) compared to ibrutinib alone (Figure 4.5 & 4.6p). Collectively, PR-619 

treatment alone demonstrated the largest reduction in p-FOXO1T24 or FOXO1 levels 

compared with the other DUB inhibitors including P5091, HBX19818 or WP1130 treatments 

alone.  

 

 

 

 

 

 

 

Figure 4.5: Combination of 
ibrutinib with PR-619, P5091, 
HBX19818 and WP1130 
maintained the downregulation 
of FOXO1T24 phosphorylation in 
MEC1 cells.  
Representative Western blot of 
MEC1 cells, treated with ibrutinib (1 
µM), PR-619 (3 µM), P5091 (10 
µM), HBX19818 (10 µM), or 
WP11300 (2 µM) for (1 hr; hour) 
alone or in combination with 
ibrutinib (1 µM), or no drug control 
(DMSO). The blots were probed for 
p-AKTS473, AKT, p-FOXO1T24, FOXO1, 
p21Waf1/Cip1, p27Kip1, BIM (EL, L, S), 
USP7, USP9x, PTEN, MCL1, cMYC, 
and β-ACTIN (loading control; #1 
and #2 representing mirror blots). 
Added treatment (+), no treatment 
(-).  
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Figure 4.6: The combination of ibrutinib with PR-619, P5091, HBX19818 and WP1130 
maintained the downregulation of PI3K/AKT/FOXO1 pathway in MEC1 cells.  
A representative Western blot of MEC1 cells, treated with ibrutinib (IBR; 1 µM), PR-619 (PR; 3 µM), 
P5091 (P; 10 µM), HBX19818 (HBX; 10 µM), or WP11300 (WP; 2 µM) for (1 hr) alone or in 
combination with IBR, or no drug control (NDC; DMSO) in shown in Figure 4.5. Relative protein 
expression of (a) p-AKTS473, (b) AKT, (c) p-FOXO1T24, and (d) FOXO1 between NDC (black bar; n = 5), 
IBR (pink bar; n = 5), PR-619 (PR = oil green bar; n = 5), and combination (PR/IBR = purple bar; n = 
5) treatments. Relative protein expression of (e) p-AKTS473, (f) AKT, (g) p-FOXO1T24, and (h) FOXO1 
between NDC (black bar; n = 5), IBR (pink bar; n = 5), P5091 (P = brown bar; n = 5), and combination 
(P/IBR = purple bar; n = 5) treatments. Relative protein expression of (i) p-AKTS473, (j) AKT, (k) p-
FOXO1T24, and (l) FOXO1 between NDC (black bar; n = 5), IBR (pink bar; n = 5), HBX19818 (HBX = 
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orange bar; n = 5), and combination (HBX/IBR = purple bar; n = 5) treatments. Relative protein 
expression of (m) p-AKTS473, (n) AKT, (o) p-FOXO1T24, and (p) FOXO1 between NDC (black bar; n = 5), 
IBR (pink bar; n = 5), WP1130 (WP = blue bar; n = 5), and combination (WP/IBR = purple bar; n = 5) 
treatments. Samples were normalised to loading control β-ACTIN. The mean expression levels of 
proteins in NDC were used to calculate the relative protein expression levels of NDC and IBR, PR-
619, P5091, HBX19818, WP1130, combination treatments. Each dot represented an individual 
datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test 
(a-p); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

As FOXO1 is reported to regulate the gene transcription levels of p21Waf1/Cip1 (CDKN1A), 

p27Kip1 (CDKN1B) and BIM (BCL2L11) (400, 510, 571), we investigated the protein expression 

levels of these genes in MEC1 cells treated with DUB inhibitors alone and in combination 

treatment with ibrutinib. While the drug treatments had no significant effect on the 

expression levels of p21Waf1/Cip1, p27Kip1, BIML and BIMS (Figure 4.5 & 4.7a-t), each inhibitor 

had a similar impact on BIMEL, resulting in a significant, or near significant, increase in 

expression (Figure 4.7c, h, m, r). Therefore, while ibrutinib treatment elevated the 

expression levels of BIMEL, the upregulation was not statistically significantly compared to 

untreated controls (Figure 4.5 & 4.7c). Interestingly, PR-619 treatment alone significantly 

increased the expression levels of BIMEL, and this effect was further enhanced by the 

combination treatment compared to PR-619 and ibrutinib alone (Figure 4.5 & 4.7c).  

P5091 treatment increased the expression levels (p = 0.054) of BIMEL, and this was further 

enhanced by the combination treatment compared to P5091 and ibrutinib alone (Figure 4.5 

& 4.7h). This upregulation of BIMEL levels were significantly higher than untreated MEC1 

cells. HBX19818 treatment increased the expression levels (p = 0.22) of BIMEL, which was 

further enhanced by the combination treatment compared to HBX19818 (p = 0.063) and 

ibrutinib (p = 0.19) alone (Figure 4.5 & 4.7m). The upregulation of BIMEL levels were 

significantly higher than untreated MEC1 cells.  

While WP1130 treatment alone significantly increased the expression of BIMEL compared 

to untreated, the combination with ibrutinib did not further enhance this upregulation 

(Figure 4.5 & 4.7r).  
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Figure 4.7: Ibrutinib treatment in combination with USP7 selective inhibitors P5091 and 
HBX19818 enhanced the upregulation of BIMEL in MEC1 cells.  
A representative Western blot of MEC1 cells, treated with ibrutinib (IBR; 1 µM), PR-619 (PR; 3 µM), 
P5091 (P; 10 µM), HBX19818 (HBX; 10 µM), or WP11300 (WP; 2 µM) for (1 hr) alone or in 
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combination with IBR, or no drug control (NDC; DMSO) in shown in Figure 4.5. Relative protein 
expression of (a) p21Waf1/Cip1, (b) p27Kip1, (c) BIMEL, (d) BIML, and (e) BIMS between NDC (black bar; n 
≥ 4), IBR (pink bar; n ≥ 4), PR-619 (PR = oil green bar; n ≥ 4), and combination (PR/IBR = purple bar; 
n ≥ 4) treatments. Relative protein expression of (f) p21Waf1/Cip1, (g) p27Kip1, (h) BIMEL, (i) BIML, and 
(g) BIMS between NDC (black bar; n ≥ 4), IBR (pink bar; n ≥ 4), P5091 (P = brown bar; n ≥ 4), and 
combination (P/IBR = purple bar; n ≥ 4) treatments. Relative protein expression of (k) p21Waf1/Cip1, (l) 
p27Kip1, (m) BIMEL, (n) BIML, and (o) BIMS between NDC (black bar; n ≥ 4), IBR (pink bar; n ≥ 4), 
HBX19818 (HBX = orange bar; n ≥ 4), and combination (HBX/IBR = purple bar; n ≥ 4) treatments. 
Relative protein expression of (p) p21Waf1/Cip1, (q) p27Kip1, (r) BIMEL, (s) BIML, and (t) BIMS between 
NDC (black bar; n ≥ 4), IBR (pink bar; n ≥ 4), WP1130 (WP = blue bar; n ≥ 4), and combination (WP/IBR 
= purple bar; n ≥ 4) treatments. Samples were normalised to loading control β-ACTIN. The mean 
expression levels of proteins in NDC were used to calculate the relative protein expression levels of 
NDC and IBR, PR-619, P5091, HBX19818, WP1130, combination treatments. Each dot represented 
an individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way 
ANOVA, Tukey test (a-t); * p ≤ 0.05, ** p ≤ 0.01. 

 

Analysis of USP7 and USP9x expression after treatment of MEC1 cells with each of the DUB 

inhibitors, either alone or in combination revealed no significant change in their expression 

levels (Figure 4.5 & 4.8). Further to this, PR-619-containing treatments did not alter the 

expression of PTEN, MCL1 or cMYC, although ibrutinib treatment alone did significantly 

reduce MCL1 expression compared to untreated cells (Figure 4.5 & 4.8c, d, e). P5091 or 

ibrutinib treatments alone did not alter PTEN levels, however the combination with 

ibrutinib downregulated PTEN levels (Figure 4.5 & 4.8h). In addition, P5091 alone did not 

affect MCL1 or cMYC expression levels compared to untreated controls, however 

combination with ibrutinib sightly lowered the expression of both MCL1 and cMYC 

compared to P5091 alone and untreated controls, although this did not reach significance 

(Figure 4.5 & 4.8i, j). Interestingly, the HBX19818 treatments supported the findings with 

P5091 treatments, as the combination treatments significantly downregulated PTEN and 

MCL1 in MEC1 cells, compared with untreated cells (Figure 4.5 & 4.8m, n). These studies 

support the role for USP7 regulating PTEN and MCL1 in MEC1 cells. Similar to the effect of 

PR-619 on cMYC levels, HBX19818 treatment alone and the combination reduced cMYC 

expression, compared to untreated controls although this did not reach significance (Figure 

4.5 & 4.8o). 

WP1130-containing treatments did not significantly alter the expression of PTEN and MCL1 

in MEC1 cells compared to untreated controls (Figure 4.5 & 4.8r, s). However, the expression 

of cMYC was reduced by WP1130 alone compared to untreated, and this downregulation 

was significantly reduced in combination with ibrutinib (Figure 4.5 & 4.8t). 
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Figure 4.8: Combination of ibrutinib with P5091 or HBX19818 significantly reduced the 
expression levels of PTEN in MEC1 cells.  
A representative Western blot of MEC1 cells, treated with ibrutinib (IBR; 1 µM), PR-619 (PR; 3 µM), 
P5091 (P; 10 µM), HBX19818 (HBX; 10 µM), or WP11300 (WP; 2 µM) for (1 hr) alone or in 
combination with IBR, or no drug control (NDC; DMSO) is shown in Figure 4.5. Relative protein 
expression of (a) USP7, (b) USP9x, (c) PTEN, (d) MCL1, and (e) cMYC between NDC (black bar; n = 5), 
IBR (pink bar; n = 5), PR-619 (PR = oil green bar; n = 5), and combination (PR/IBR = purple bar; n = 
5) treatments. Relative protein expression of (f) USP7, (g) USP9x, (h) PTEN, (i) MCL1, and (g) cMYC 
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between NDC (black bar; n = 5), IBR (pink bar; n = 5), P5091 (P = brown bar; n = 5), and combination 
(P/IBR = purple bar; n = 5) treatments. Relative protein expression of (k) USP7, (l) USP9x, (m) PTEN, 
(n) MCL1, and (o) cMYC between NDC (black bar; n = 5), IBR (pink bar; n = 5), HBX19818 (HBX = 
orange bar; n = 5), and combination (HBX/IBR = purple bar; n = 5) treatments. Relative protein 
expression of (p) USP7, (q) USP9x, (r) PTEN, (s) MCL1, and (t) cMYC between NDC (black bar; n = 5), 
IBR (pink bar; n = 5), WP1130 (WP = blue bar; n = 5), and combination (WP/IBR = purple bar; n = 5) 
treatments. Samples were normalised to loading control β-ACTIN. The mean expression levels of 
proteins in NDC were used to calculate the relative protein expression levels of NDC and IBR, PR-
619, P5091, HBX19818, WP1130, combination treatments. Each dot represented an individual 
datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test 
(a-t); * p ≤ 0.05, ** p ≤ 0.01. 

 

4.3.5 Ibrutinib treatment in combination with DUB inhibitors enhanced the 

inhibition of BCR signalling in primary CLL cells. 

In section 3.3.7, we demonstrated that BCR crosslinking induced a rapid and transient 

upregulation of p-AKTS473 and p-FOXO1T24, as well as total FOXO1. This upregulation was 

reversed by ibrutinib treatment in primary CLL cells. Additionally, in section 4.3.4 combining 

ibrutinib with DUB inhibitors maintained ibrutinib ability to block the BCR signalling 

pathway in MEC1 cells. Building upon these findings, we investigated the effects of DUB 

inhibitors, PR-619 and HBX19818, alone and in combination with ibrutinib, on unstimulated 

and BCR-stimulated patient CLL cells.  

In unstimulated CLL cells, the levels of both p-AKTS473 and p-FOXO1T24 were unchanged by 

ibrutinib, PR-619 and HBX19818 treatments compared to unstimulated controls (Figure 4.9 

& 4.10a, c, e, g), while BCR crosslinking significantly upregulated the levels of p-AKTS473 and 

p-FOXO1T24 compared to unstimulated CLL cells (Figure 4.9 & 4.10a, c), as expected. While 

Ibrutinib significantly inhibited BCR-mediated p-AKTS473 and p-FOXO1T24 levels, PR-619 and 

HBX19818 treatments reduced the BCR-mediated phosphorylation events although not 

significantly. Notably, combining ibrutinib with either DUB inhibitor further inhibited 

AKTS473 and FOXO1T24 phosphorylation to basal levels (Figure 4.9 & 4.10a, c, e, g). As 

expected, neither BCR crosslinking or drug treatments affected the expression of AKT 

compared to the control cells (Figure 4.9 & 4.10b, f). Interestingly, while the levels of total 

FOXO1 were not affected by ibrutinib or DUB inhibitor treatments compared to 

unstimulated CLL controls (Figure 4.9 & 4.10d, h), BCR crosslinking significantly increased 

FOXO1 expression compared to unstimulated CLL cells (Figure 4.9 & 4.10d, h). Ibrutinib 

significantly reduced the expression of total FOXO1, suggesting that FOXO1 upregulation is 

a BCR-mediated event. Additionally, FOXO1 levels were trending toward downregulation 
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with PR-619 or HBX19818 alone in BCR crosslinked cells, compared to stimulated control 

cells (p = 0.13 and 0.24 respectively). Combining ibrutinib with DUB inhibitors further 

enhanced the inhibitory effect on total FOXO1 expression (Figure 4.9 & 4.10d, h). These 

studies suggest that the BCR-mediated upregulation of FOXO1 may be partially regulated 

by DUB proteins. 

 

 

 

 

 

Figure 4.9: BCR crosslinking induced a 
significant and rapid upregulation of 
FOXO1T24 phosphorylation and total 
FOXO1, which was reversed by 
ibrutinib and DUB inhibitors.  
Representative Western blot of a primary 
CLL sample (CLL196), unstimulated or 
stimulated with F(ab')2 fragments (10 
ng/mL) for 0.5 hr. Cells were pre-treated 
with ibrutinib (IBR; 1 µM), PR-619 (PR; 1.5 
µM), or HBX19818 (HBX; 8 µM), or DMSO 
control for 1 hr alone or in combination with 
IBR. The blots were probed for p-AKTS473, 
AKT, p-FOXO1T24, FOXO1, p21Waf1/Cip1, 
p27Kip1, BIM (EL, L, S), USP7, USP9x, USP10, 
PTEN, MCL1, and β-ACTIN (loading control; 
#1 and #2 representing mirror blots). Added 
treatment (+), no treatment (-).  
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Figure 4.10: Combination of ibrutinib with PR-619 or HBX19818 maintained the inhibition 
of BCR-mediated phosphorylation of AKTS473 and FOXO1T24 in primary CLL cells.  
Primary CLL cells were left unstimulated or stimulated with F(ab')2 fragments (10 ng/mL) for 0.5 hr, 
following pre-treatment with ibrutinib (IBR; 1 µM), PR-619 (PR; 1.5 µM), or HBX19818 (HBX; 8 µM), 
for 1 hr alone or in combination. A representative Western blot is shown in Figure 4.9. Unstimulated 
and F(ab')2 stimulated vehicle were treated with DMSO. Relative protein expression of (a) p-AKTS473, 
(b) AKT, (c) p-FOXO1T24, and (d) FOXO1, between unstimulated followed by treatment ((US/DMSO = 
green bar; n = 5) and IBR (turquoise bar; n = 3), PR (pink bar; n = 3), F(ab')2 stimulated (F(ab')2/DMSO 
= black bar; n = 5), IBR (orange bar; n = 5), PR (white bar; n = 5) and PR/IBR (purple bar; n = 2). 
Relative protein expression of (e) p-AKTS473, (f) AKT, (g) p-FOXO1T24, and (h) FOXO1, between 
US/DMSO (green bar; n = 5) and IBR (turquoise bar; n = 3), HBX (yellow bar; n = 3), and HBX/IBR (red 
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bar; n = 3)), F(ab')2 stimulation (F(ab')2/DMSO = black bar; n = 5), IBR (orange bar; n =5), HBX (beige 
bar; n = 3) and HBX/IBR (baby blue bar; n = 3). Samples were normalised to loading control β-ACTIN. 
The mean expression levels of proteins in vehicle were used to calculate the relative protein 
expression. Added treatment (+), no treatment (-). Each dot represented an individual datapoint. 
Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test (a-h); * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

Next, the expression levels of p21Waf1/Cip1, p27Kip1 and BIM were investigated in 

unstimulated, and F(ab')2 stimulated primary CLL cells treated with ibrutinib, PR-619 or 

HBX19818 alone or in combination with ibrutinib. While the drug treatments had little if 

any effect on the expression of these proteins, either in the presence or absence of BCR 

stimulation, there was a significant upregulation in p27Kip1 with BCR crosslinking compared 

to unstimulated controls (Figure 4.9 & 4.11b). Interestingly, BCR crosslinking with F(ab')2 

fragment demonstrated a trend toward downregulation of BIMEL expression levels 

compared to unstimulated CLL cells (p = 0.09). This downregulation was reversed by 

ibrutinib treatment (p = 0.0505), but not PR-619 treatment in compared to stimulated 

controls (Figure 4.9 & 4.11c). While in unstimulated CLL cells the levels of BIMEL
 were not 

affected by ibrutinib and HBX19818 alone, the combination treatment showed a trend 

toward upregulation (p = 0.17) of BIMEL compared to unstimulated controls (Figure 4.9 & 

4.11h). As expected, ibrutinib treatment increased the levels of BIMEL, and this effect was 

further enhanced by the combination (p = 0.06) compared to stimulated controls. Similar 

to the data shown with PR-619, HBX19818 alone demonstrated no impact on the levels of 

BIMEL compared to stimulated controls (Figure 4.9 & 4.11h).  
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Figure 4.11: Combination of ibrutinib and the selective USP7 inhibitor HBX19818 
modestly increased the expression levels of BIMEL in unstimulated and F(ab')2 stimulated 
primary CLL cells.  
Primary CLL cells were left unstimulated or stimulated with F(ab')2 fragments (10 ng/mL) for 0.5 hr, 
following pre-treatment with ibrutinib (IBR; 1 µM), PR-619 (PR; 1.5 µM), or HBX19818 (HBX; 8 µM), 
for 1 hr alone or in combination. A representative Western blot is shown in Figure 4.9. Unstimulated 
and F(ab')2 stimulated vehicle were treated with DMSO. Relative protein expression of (a) 
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p21Waf1/Cip1, (b) p27Kip1, (c) BIMEL, (d) BIML, (e) BIMS, between unstimulated followed by treatment 
(US/DMSO = green bar; n = 3) and IBR (turquoise bar; n = 3), PR (pink bar; n = 3), F(ab')2 stimulated 
(F(ab')2/DMSO = black bar; n = 3), IBR (orange bar; n = 3), and PR (white bar; n = 3). Relative protein 
expression of (f) p21Waf1/Cip1, (g) p27Kip1, (h) BIMEL, (i) BIML, and (j) BIMS, between US/DMSO (green 
bar; n = 3) and IBR (turquoise bar; n = 3), HBX (yellow bar; n = 3), and HBX/IBR (red bar; n = 3) and 
F(ab')2/DMSO (black bar; n = 3), IBR (orange bar; n =3), HBX (beige bar; n = 3) and HBX/IBR (baby 
blue bar; n = 3). Samples were normalised to loading control β-ACTIN. The mean expression levels 
of proteins in vehicle were used to calculate the relative protein expression. Added treatment (+), 
no treatment (-). Each dot represented an individual datapoint. Data expressed as the mean ± SEM. 
Statistics calculated by One-way ANOVA, Tukey test (a-j); * p ≤ 0.05. 

 

Analysing the expression of USP7, USP9x, USP10, MCL1 and PTEN in response to short-term 

BCR crosslinking in primary CLL cells, in the presence of ibrutinib and/or DUB inhibitors PR-

619 or HBX19818, we found no changes in the expression of USP10 and PTEN (Figure 4.9 & 

4.12c, e, h, j). Of note, BCR crosslinking induced a significant upregulation of USP7 

expression in CLL cells (Figure 4.9 & 4.12a), which supports our findings in ex-vivo CLL 

samples which have an upregulation of USP7 compared with normal healthy samples 

(Figure 3.16). This upregulation in expression was not affected by drug treatments. 

BCR crosslinking in the presence/absence of ibrutinib and/or PR-619 treatment did not 

affect the expression levels of both USP9x compared to the control cells (Figure 4.9 & 4.12b, 

c). In the unstimulated CLL cells, MCL1 expression levels were not affected by ibrutinib and 

PR-619, however, there was an upregulation of MCL1 by F(ab')2 stimulation (p = 0.14) 

compared to unstimulated cells. PR-619 significant reduced MCL1 expression levels 

compared stimulated controls, while ibrutinib only slightly reduced its expression. This 

slight reduction in MCL1 expression levels by ibrutinib was further enhanced by the 

combination with PR-619 (Figure 4.9 & 4.12d).  

In unstimulated CLL cells, the USP7 levels were upregulated by HBX19818 treatment alone 

compared to the control (Figure 4.9 & 4.12f). While the expression of USP9x was not 

affected by ibrutinib and HBX19818 alone and in combination in unstimulated CLL cells, in 

F(ab')2 stimulated cells the combination of ibrutinib and HBX19818 significantly 

downregulated USP9x compared to ibrutinib alone and stimulated controls (Figure 4.9 & 

4.12g). A similar pattern was noted with MCL1, with a significant downregulation in MCL1 

in BCR crosslinked CLL cells when treated with ibrutinib and HBX19818 in combination 

(Figure 4.9 & 4.12i).  
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Figure 4.12: Combination of ibrutinib and HBX19818 reduced the expression levels of 
MCL1 in F(ab')2 stimulated primary CLL cells.  
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Primary CLL cells were left unstimulated or stimulated with F(ab')2 fragments (10 ng/mL) for 0.5 hr, 
following pre-treatment with ibrutinib (IBR; 1 µM), PR-619 (PR; 1.5 µM), or HBX19818 (HBX; 8 µM), 
for 1 hr alone or in combination. A representative Western blot is shown in Figure 4.9. Unstimulated 
and F(ab')2 stimulated vehicle were treated with DMSO. Relative protein expression of (a) USP7, (b) 
USP9x, (c) USP10, (d) MCL1, and (e) PTEN between US/DMSO (green bar; n ≥ 3) and ibrutinib (IBR = 
turquoise bar; n = 3), PR-619 (PR = pink bar; n = 3), F(ab')2 stimulated (F(ab')2/DMSO = black bar; n 
≥ 3), IBR (orange bar; n ≥ 3), PR (white bar; n = 3) and combination (PR/IBR = purple bar; n = 2)). 
Relative protein expression of (f) USP7, (g) USP9x, (h) USP10, (i) MCL1, and (j) PTEN, between 
US/DMSO (green bar; n ≥ 3) and IBR (turquoise bar; n ≥ 3), HBX19818 (HBX = yellow bar; n = 3), and 
HBX/IBR (red bar; n = 3), F(ab')2 stimulated (F(ab')2/DMSO = black bar; n ≥ 3), IBR (orange bar; n ≥ 
3), HBX (beige bar; n = 3) and HBX/IBR (baby blue bar; n = 3). Samples were normalised to loading 
control β-ACTIN. The mean expression levels of proteins in vehicle were used to calculate the 
relative protein expression. Added treatment (+), no treatment (-). Each dot represented an 
individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, 
Tukey test (a-j); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

 

4.3.6 The expression of DUB proteins USP7, 9x and 10 in pre- and post-

ibrutinib ex-vivo CLL patient samples. 

Our data in section 3.3.11 demonstrated that the expression levels of DUB enzymes 

including USP7, USP9x and USP10 were upregulated in CLL cells compared to B-cells from 

heathy donors. Therefore, we were interested to examine their expression levels in ex-vivo 

patient CLL samples that were undergoing ibrutinib treatment. These samples were 

obtained from PB-derived CLL cells before treatment and after up to three-months of 

ibrutinib treatment. The data showed that the expression levels of USP7 were similar in pre- 

and post- ibrutinib treatment (Figure 4.13a & b). Furthermore, the data indicated that 

USP9x and USP10 expression levels were slightly but not significantly increased in post- 

compared to pre-ibrutinib CLL samples (p = 0.25 and 0.16), respectively (Figure 4.13a, c, d). 

 

Figure 4.13: DUB proteins USP7, 9x and 10 in pre- and post-ibrutinib ex-vivo CLL cells.     
(a) Representative Western blot of ex-vivo PB-derived CLL patient samples to assess protein 
expression of pre-ibrutinib treatment (pre-treatment) compared with three months post-ibrutinib 
patient samples (CLL009, CLL151, CLL173, CLL198), probed for USP7, USP9x, USP10, and β-ACTIN 
(loading control; #1 and #2 representing mirror blots). Relative protein expression of (b) USP7, (c) 
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USP9x, and (d) USP10 between pre-ibrutinib (pre-IBR = purple bar; n = 4) and three months post-
ibrutinib (post-IBR = blue bar; n =4). Samples were normalised to loading control β-ACTIN. The mean 
expression levels of proteins in pre-IBR were used to calculate the relative protein expression levels 
of pre-IBR and post-IBR. Each dot represented an individual datapoint. Data expressed as the mean 
± SEM. Statistics calculated by unpaired t-test (b-d). 

 

4.3.7 The combination of ibrutinib and DUB inhibitors enhanced FOXO1 

nuclear localisation in MEC1 cells 

It has been reported that AKT-mediated phosphorylation of FOXO1 triggers its association 

with 14-3-3 protein, resulting in shuttling FOXO1 from the nucleus to the cytoplasm (344, 

567). Therefore, we assessed FOXO1 subcellular localisation in MEC1 cells treated with 

ibrutinib, PR-619 or combination of both inhibitors, followed by cellular fractionation. The 

data suggested that FOXO1 was predominantly localised in the cytoplasm of MEC1 cells 

compared to the nuclear fraction (Figure 4.14a). Furthermore, MEC1 cells demonstrated 

higher cytoplasmic levels of USP7 and USP9x compared to the nuclear fractions (Figure 

4.14a), with USP9x being localised primarily in the cytoplasm. Ibrutinib treatment 

significantly increased nuclear FOXO1 levels compared to untreated controls. Moreover, PR-

619 alone demonstrated a trend towards nuclear FOXO1 upregulation, which was further 

enhanced by the combination with ibrutinib. This combination significantly increased 

nuclear FOXO1 localisation compared to ibrutinib, PR-619 alone, and untreated controls 

(Figure 4.14a, b). The elevation of FOXO1 in the nucleus was mirrored by a concomitant 

reduction of FOXO1 from the cytoplasm (Figure 4.14a, c). Similar findings were observed 

with FOXO1 re-localisation when MEC1 cells were treated with P5091 in the presence and 

absence of ibrutinib (Figure 4.15a-c). Conversely, treatment of MEC1 cells with WP1130 

alone or in combination with ibrutinib did not affect nuclear or cytoplasmic FOXO1 levels 

compared to untreated controls (Figure 4.16a-c). Ibrutinib treatment decreased 

cytoplasmic FOXO1 levels compared to untreated controls (p = 0.06), as expected. The 

combination of ibrutinib and WP1130 showed a modest additional reduction compared to 

WP1130 alone, but not compared to ibrutinib alone (Figure 4.16a, c). 

While the cytoplasmic levels of USP7 and USP9x were not affected by drug treatments, the 

combination treatment increased the nuclear levels of USP7 and USP9x compared to single 

and untreated controls (Figure 4.14a, d, e-g). Of note, when cells were treated with P5091, 

the nuclear and cytoplasmic levels of USP7 and USP9x were not affected by the inhibitors 

alone and combination treatment compared to untreated controls (Figure 4.15a, d-g). This 
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may reflect the broader spectrum DUB inhibition of PR-619. Nuclear and cytoplasmic levels 

of USP7, and nuclear levels of USP9x were not affected by WP1130 alone or combination 

compared to untreated controls (Figure 4.16a, d-f). While nuclear USP9x levels remained 

unaffected by the inhibitors, the combination treatment significantly increased cytoplasmic 

USP9x levels compared to controls and single treatments (Figure 4.16a, g). 

 

Figure 4.14: Combination of ibrutinib with PR-619 significantly increased nuclear FOXO1 
levels in MEC1 cells.  
(a) Representative Western blot of subcellular fractionation of MEC1 cells treated with PR-619 (PR; 
3 μM), ibrutinib (IBR; 1 μM), and combination (PR/IBR), or no drug control (NDC/DMSO). Following 
1 hr treatment, MEC1 cells (n ≥ 5) were fractionated into cytoplasmic, nuclear, and whole cell lysate 
(WCL). The blots were probed for FOXO1, USP7, USP9x, Lamin A/C (nuclear loading control), and β-
Tubulin (cytoplasmic loading control). Relative protein expression of (b) nuclear FOXO1, (c) 
cytoplasmic FOXO1, (d) nuclear USP7, (e) cytoplasmic USP7, (f) nuclear USP9x, and (g) cytoplasmic 
USP9x between NDC (black bar), PR (pink bar), IBR (oil green bar), and PR/IBR (purple bar). Nuclear 
and cytoplasmic fractions were normalised to loading controls (Lamin A/C and β-Tubulin, 
respectively). The mean expression levels of proteins in NDC were used to calculate the relative 
protein expression levels. Each dot represented an individual datapoint. Data expressed as the mean 
± SEM. Statistics calculated by One-way ANOVA, Tukey test (b-g); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 
0.001, **** p ≤ 0.0001. 
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Figure 4.15: Combination of ibrutinib with P5091 significantly increased nuclear FOXO1 
levels in MEC1 cells.  
(a) Representative Western blot of subcellular fractionation of MEC1 cells treated with P5091 (P; 10 
μM), ibrutinib (IBR; 1 μM), and combination (P/IBR), or no drug control (NDC/DMSO). Following 1 
hr treatment MEC1 cells (n = 5) were fractionated into cytoplasmic, nuclear, and whole cell lysate 
(WCL). The blots were probed for FOXO1, USP7, USP9x, Lamin A/C (nuclear loading control), and β-
Tubulin (cytoplasmic loading control). Relative protein expression of (b) nuclear FOXO1, (c) 
cytoplasmic FOXO1, (d) nuclear USP7, (e) cytoplasmic USP7, (f) nuclear USP9x, and (g) cytoplasmic 
USP9x between NDC (black bar), P (violet bar), IBR (purple bar), and P/IBR (fuchsia bar). Nuclear and 
cytoplasmic fractions were normalised to loading controls (Lamin A/C and β-Tubulin, respectively). 
The mean expression levels of proteins in NDC were used to calculate the relative protein expression 
levels. Each dot represented an individual datapoint. Data expressed as the mean ± SEM. Statistics 
calculated by One-way ANOVA, Tukey test (b-g); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 
0.0001. 
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Figure 4.16: Combination of ibrutinib and WP1130 increased cytoplasmic USP9x in MEC1 
cells.  
(a) Representative Western blot of subcellular fractionation of MEC1 cells treated with WP1130 
(WP; 2 μM), ibrutinib (IBR; 1 μM), and combination (WP/IBR), or no drug control (NDC/DMSO). 
MEC1 cells (n = 5) were fractionated into cytoplasmic, nuclear, and whole cell lysate (WCL). The blots 
were probed for FOXO1, USP7, USP9x, Lamin A/C (nuclear loading control), and β-Tubulin 
(cytoplasmic loading control). Relative protein expression of (b) nuclear FOXO1, (c) cytoplasmic 
FOXO1, (d) nuclear USP7, (e) cytoplasmic USP7, (f) nuclear USP9x, and (g) cytoplasmic USP9x 
between NDC (light orange bar), WP (dark orange bar), IBR (dark red bar), and WP/IBR (violet bar). 
Nuclear and cytoplasmic fractions were normalised to loading controls (Lamin A/C and β-Tubulin, 
respectively). The mean expression levels of proteins in NDC were used to calculate the relative 
protein expression levels. Each dot represented an individual datapoint. Data expressed as the mean 
± SEM. Statistics calculated by One-way ANOVA, Tukey test (b-g); ** p ≤ 0.01. 

 

4.3.8 The combination of ibrutinib with PR-619 or HBX19818 enhanced the 

reduction of cytoplasmic FOXO1 levels in F(ab')2 stimulated primary CLL 

cells.  

Building upon our findings in MEC1 cells, where ibrutinib, in combination with PR-619 or 

the selective USP7 inhibitor P5091, promoted nuclear FOXO1 localisation, we investigated 

FOXO1 localisation in F(ab')2 stimulated primary CLL cells. We aimed to elucidate the roles 

of ibrutinib, PR-619, and the selective USP7 inhibitor HBX19818, alone or in combination, 

in regulating FOXO1 localisation in CLL patient cells.  



   
 

  177 

Western blotting data revealed that FOXO1 was predominantly localised in the nuclear 

fraction of unstimulated CLL cells, while F(ab')2 simulation led to its depletion from the 

nuclear fraction and accumulation in the cytoplasmic fraction (Figure 4.17a, b). 

Unstimulated CLL cells displayed no significant changes in nuclear FOXO1 levels with 

ibrutinib, PR-619, or HBX19818 treatment compared to untreated controls (Figure 4.17a, 

b). Similar to MEC1 cells, F(ab')2 stimulated CLL cells exhibited a significant upregulation of 

nuclear FOXO1 with ibrutinib treatment compared to stimulated controls. PR-619 alone did 

not alter nuclear FOXO1 levels, whereas the combination of ibrutinib with PR-619 

significantly upregulated nuclear FOXO1 levels in stimulated CLL cells, with an effect 

comparable to ibrutinib alone (Figure 4.17a, c). Similar to PR-619, HBX19818 had no effect 

on nuclear FOXO1 levels in stimulated CLL cells compared to stimulated controls. While the 

combination of HBX19818 and ibrutinib slightly increased nuclear FOXO1 levels compared 

to HBX19818 alone, it reduced the effect of ibrutinib-mediated nuclear FOXO1 upregulation 

observed in stimulated CLL cells compared to ibrutinib alone (Figure 4.17a, d). The changes 

of FOXO1 location in the nucleus with BCR crosslinking and drug treatments were mirrored 

by opposing changes in FOXO1 levels from the cytoplasm (Figure 4.17a, e-g). 

Cellular fractionation revealed comparable USP7 and USP9x levels in the nuclear and 

cytoplasmic fractions of primary CLL cells (Fig. 4.17a). Analysis of USP7 and USP9x in 

primary CLL cells showed that nuclear and cytoplasmic localisation of these proteins was 

not significantly affected by BCR crosslinking alone or in the presence and absence of drugs 

(Figure 4.17 & 4.18). 
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Figure 4.17: Combination of ibrutinib with PR-619 or HBX19818 slightly enhanced the 
effect of ibrutinib in downregulating cytoplasmic FOXO1 levels in F(ab')2 stimulated 
primary CLL cells.  
(a) Representative Western blot of subcellular fractionation of primary CLL cells (CLL180) 
unstimulated or stimulated with F(ab')2 fragments (10 ng/mL) for 0.5 hr, following pre-treatment 
with ibrutinib (IBR; 1 µM), PR-619 (PR; 1.5 µM), or HBX19818 (HBX; 8 µM), for 1 hr alone or in 
combination with IBR (1 µM). Unstimulated vehicle and F(ab')2 stimulated vehicle were treated with 
DMSO. CLL cells (n ≥ 3) were fractionated into cytoplasmic, nuclear, and whole cell lysate (WCL). The 
blots were probed for FOXO1, USP7, USP9x, Lamin A/C (nuclear loading control), and β-Tubulin 
(cytoplasmic loading control). Relative protein expression of (b) nuclear FOXO1 levels in 
unstimulated CLL cells treated with IBR (pink bar), PR (oil green bar), HBX (purple bar), and F(ab')2 
stimulation (blue bar), or NDC/DMSO (black bar). (c) Nuclear FOXO1 levels in F(ab')2/DMSO (blue 
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bar), IBR (pink bar), PR (oil green bar), and PR/IBR (light orange bar). (d) Nuclear FOXO1 levels in 
F(ab')2/DMSO (blue bar), IBR (pink bar), HBX (purple bar), and HBX/IBR (red bar). Cytoplasmic FOXO1 
levels in (e) unstimulated and (f & g) F(ab')2 stimulated CLL cells treated as described in (b-d, 
respectively). Nuclear and cytoplasmic fractions were normalised to loading controls (Lamin A/C 
and β-Tubulin, respectively). The mean expression levels of proteins in NDC were used to calculate 
the relative protein expression levels. Added treatment (+), no treatment (-). Each dot represented 
an individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way 
ANOVA, Tukey test (b-g); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

 

Figure 4.18: The nuclear and cytoplasmic levels of USP7 and USP9x were not affected by 
ibrutinib, PR-619 and HBX19818 treatments in primary CLL cells.  
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Primary CLL cells (CLL180) unstimulated or stimulated with F(ab')2 fragments (10 ng/mL) for 0.5 hr, 
following pre-treatment with ibrutinib (IBR; 1 µM), PR-619 (PR; 1.5 µM), or HBX19818 (HBX; 8 µM), 
for (1 hr) alone or in combination with IBR. Unstimulated vehicle and F(ab')2 stimulated vehicle were 
treated with DMSO. Following treatments, CLL cells (n ≥ 3) were fractionated into cytoplasmic, 
nuclear, and whole cell lysate (WCL). Relative protein expression of (a) nuclear USP7 levels in 
unstimulated CLL cells treated with IBR (pink bar), PR (oil green bar), HBX (purple bar), and F(ab')2 
(blue bar), or unstimulated (NDC/DMSO = black bar). (b) Nuclear USP7 levels in F(ab')2 stimulated 
CLL cells (blue bar), IBR (pink bar), PR (oil green bar), and PR/IBR (light orange bar). (c) Nuclear USP7 
levels in F(ab')2/DMSO (blue bar), IBR (pink bar), HBX (purple bar), and HBX/IBR (red bar). (d) 
Cytoplasmic USP7 levels in (d) unstimulated and (e & f) F(ab')2 stimulated CLL cells treated as 
described in (a-c, respectively). Nuclear USP9x levels in (g) unstimulated and (h & i) F(ab')2 

stimulated CLL cells treated as described in (a-c, respectively). Cytoplasmic USP9x levels in (j) 
unstimulated and (k & l) F(ab')2 stimulated CLL cells treated as described in (a-c, respectively). 
Nuclear and cytoplasmic fractions were normalised to loading controls (Lamin A/C and β-Tubulin, 
respectively). The mean expression levels of proteins in NDC were used to calculate the relative 
protein expression levels. Added treatment (+), no treatment (-). Each dot represented an individual 
datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test 
(a-l). 

 

4.3.9 Combination of Ibrutinib with DUB inhibitors enhanced their anti-

proliferative effects in MEC1 cells. 

Our data indicated that the combination of ibrutinib and DUB inhibitors (PR-619, WP1130, 

P5091 and HBX19818) enhanced ibrutinib effects in MEC1 and CLL cells. This combination 

treatment resulted in increased apoptosis, reduced BCR activity through downregulation of 

AKT and FOXO1 phosphorylation, and upregulation of nuclear FOXO1 levels in MEC1 and 

CLL cells. Therefore, we investigated whether DUB inhibitors, alone and in combination with 

ibrutinib, could further suppress MEC1 cell proliferation compared to ibrutinib alone. To 

assess this, we employed CTV for proliferation analysis in MEC1 cells. The cells were treated 

for 48 hr with ibrutinib, PR-619, P5091 or HBX19818 alone or in combination with ibrutinib. 

The CTV data demonstrated that ibrutinib treatment had no significant effect on the 

proliferation of MEC1 cells after 48 hr of treatment compared to untreated controls (Figure 

4.19). Furthermore, treatment with PR-619 showed a trend toward increased CTV, 

indicating reduction in MEC1 cells proliferation compared to untreated controls (p = 0.07). 

The combination of PR-619 with ibrutinib modestly increased the effect of ibrutinib in 

reducing MEC1 proliferation, although this did not reach significance (p = 0.09; Figure 

4.19a). While WP1130 alone had no significant effects on proliferation, the combination 

with ibrutinib significantly reduced MEC1 cells proliferation compared to single treatments 

and untreated controls (Figure 4.19b). Similar to ibrutinib alone, the selective USP7 
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inhibitors P5091 and HBX19818 alone or combined with ibrutinib had minimal effects on 

MEC1 cells proliferation (Figure 4.19c & d). 

 

Figure 4.19: Combination of ibrutinib with WP1130 reduced proliferation in MEC1 cells.  
(a-d) Representative FACS histogram presenting fluorescence of CTV in MEC1 cells. (a) MEC1 cells 
(n = 5) were treated with ibrutinib (IBR = orange bar; 1 μM), PR-619 (PR = pink bar; 3 μM), 
combination (PR/IBR = blue bar), or no drug control (NDC/DMSO = black bar) for 48 hr. (b) MEC1 
cells (n = 3) treated with IBR (orange bar), WP1130 (WP = pink bar; 2 μM), WP/IBR (blue bar), or 
/DMSO = black bar) for 48 hr. (c) MEC1 cells (n = 2) treated with IBR (orange bar; 1 μM), P5091 (P = 
pink bar; 10 μM), P/IBR (blue bar), or NDC/DMSO (black bar). (d) MEC1 cells (n = 2) treated with IBR 
(orange bar), HBX19818 (HBX = pink bar; 10 μM), WP/IBR (blue bar), or NDC/DMSO (black bar) for 
48 hr. A vertical line denotes the peak of the NDC histogram. Geometric means for each condition 
are relative to NDC for MEC1 cells. Each dot represented an individual datapoint. Data expressed as 
the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test (a & b); ** p ≤ 0.01, *** p ≤ 
0.001. 
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4.3.10 FOXO1 activity was significantly reduced by short-term BCR 

crosslinking with F(ab')2 in primary CLL cells. 

To determine whether the changes in FOXO1 subcellular localisation upon drug treatments 

resulted in modulation of FOXO1 activity, we investigated the impact of PR-619 or 

HBX19818 treatments, using the TransAM transcription factor activation assay. The data 

demonstrated that CLL cells treated with ibrutinib, PR-619 and HBX19818 had no effect on 

FOXO1 transcriptional activity compared to unstimulated controls (Figure 4.20a). In 

contrast, F(ab')2 stimulation significantly decreased FOXO1 transcriptional activity 

compared to unstimulated controls (Figure 4.20a). Notably, ibrutinib treatment in 

stimulated CLL cells significantly increased FOXO1 DNA binding activity compared to 

stimulated controls (Figure 4.20b). While PR-619 and HBX19818 treatments in stimulated 

CLL cells had no significant effect on FOXO1 activity, the combination of ibrutinib with PR-

619, but not HBX19818, slightly enhanced FOXO1 activity compared to either inhibitor 

alone or unstimulated controls (Figure 4.20b & c).  

 

Figure 4.20: F(ab')2 stimulation supressed FOXO1 transcriptional activity, which was 
restored by treatment with ibrutinib alone or in combination with DUB inhibitors in 
primary CLL cells.  
Nuclear fractions were generated and TransAM FOXO1 activity assay were used to determine FOXO1 
DNA-binding activity (OD450). Primary CLL cells (n = 3) were unstimulated or stimulated with F(ab')2 

fragments (10 ng/mL) for 0.5 hr, following pre-treatment with ibrutinib (IBR; 1 µM), PR-619 (PR; 1.5 
µM), or HBX19818 (HBX; 8 µM), for (1 hr) alone or in combination with IBR. FOXO1 DNA binding 
activity in (a) unstimulated primary CLL cells treated with NDC/DMSO (black bar), IBR (pink bar), PR 
(oil green bar), HBX (purple bar), or F(ab')2 (blue bar). (b) FOXO1 DNA binding activity in CLL cells 
stimulated with F(ab')2 F(ab')2/DMSO (blue bar), IBR (pink bar), PR (oil green bar), and PR/IBR (light 
orange bar). (c) FOXO1 DNA binding activity in CLL cells stimulated with F(ab')2/DMSO (blue bar), 
IBR (pink bar), HBX (purple bar), and HBX/IBR (red bar). The mean of FOXO1 DNA-binding activity in 
NDC were used to calculate the FOXO1 relative activity levels. Each dot represented an individual 
datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test 
(a-c); * p ≤ 0.05, ** p ≤ 0.01. 
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4.3.11 Ibrutinib and HBX19818 in combination significantly modulated the 

transcription levels of FOXO1 target genes in MEC1 cells. 

To determine whether the changes in FOXO1 activity upon drug treatments resulted in 

modulation of established FOXO1 transcriptional targets, we investigated whether the 

combination of ibrutinib with HBX19818 could enhance the effect on FOXO1 target genes 

compared to single-agent treatments initially in MEC1 cells. MEC1 cells were treated with 

inhibitors alone or in combination for 24 hr. The transcription levels of the genes were 

measured by RT-qPCR and the data were analysed using the ΔΔCT method. Initially analysing 

the changes in FOXO family members (FOXO1, FOXO3, FOXO4), ibrutinib treatment did not 

alter the expression of any FOXO family members analysed compared to untreated controls 

(Figure 4.21a-c). Interestingly, HBX19818 treatment alone significantly increased the mRNA 

levels of FOXO1, FOXO3 and FOXO4, which were maintained in combination with ibrutinib 

(Figure 4.21a-c). 

The transcription levels of USP7 were not affected by ibrutinib treatment, however 

HBX19818 alone and the combination significantly increased USP7 expression compared to 

ibrutinib alone and untreated controls (Figure 4.21d). Interestingly, while HBX19818 

demonstrated no effect on its levels compared to untreated controls, ibrutinib treatment 

significantly reduced USP9x expression, which was maintained in combination with 

HBX19818 (Figure 4.21e).  

Analysing cell cycle related genes CDKN1B and CCND2, it was clear that ibrutinib alone, 

while having no effect on CDKN1B expression, significantly reduced CCND2 expression 

(Figure 4.21f, j). Interestingly, HBX19818 alone significantly increased the expression of both 

CDKN1B and CCND2 compared to untreated controls. The upregulation of CDKN1B was 

further enhanced by the combination treatment compared to single agents and untreated 

controls (Figure 4.21f). The combination treatment resulted in a downregulation of CCND2 

to a similar level as with ibrutinib alone (Figure 2.21j). Overall, these findings suggest that 

the combination supports an anti-proliferative effect on MEC1 cells. 
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Figure 4.21: The transcription levels of FOXO1 gene targets were significantly altered by 
the combination of ibrutinib and HBX19818 in MEC1 cells.  
RT-qPCR to assess transcription levels of (a) FOXO1, (b) FOXO3, (c) FOXO4, (d) USP7, (e) USP9x, (f) 
CDKN1B, (g) BBC3, (h) BCL2L1, (i) BCL2L11, (j) CCND2, (k) GADD45A, (l) IGF1R, (m) SESN3 in MEC1 
cells (n = 3) treated for 24 hr with ibrutinib (IBR = pink bar; 1 µM), HBX19818 (HBX = oil green bar; 
10 µM), and combination (HBX/IBR = purple bar), or no drug control (NDC/DMSO = black bar). The 
ΔΔCT method was used to calculate transcription levels, where samples were normalised to 
housekeeping gene B2M. Each dot represented an individual datapoint. Data expressed as the mean 
± SEM. Statistics calculated by One-way ANOVA, Tukey test (a-m); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 
0.001, **** p ≤ 0.0001. 
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Analysis of apoptosis-related genes BBC3, BCL2L1 and BCL2L11, it was clear that none of 

these genes were significantly regulated by ibrutinib treatment alone (Figure 4.21g-i). 

HBX19818 alone significantly upregulated the mRNA levels of BBC3 and BCL2L1 levels, 

encoding PUMA and BCL-XL respectively, while BCL2L11, encoding BIM was not affected. 

The combination of drugs appeared to favour a pro-apoptotic balance with a significant 

upregulation of BBC3 and BCL2L11 and basal levels of BCL2L1, compared to untreated cells 

(Figure 4.21g-i). Indeed, the combination of ibrutinib and HBX19818 significantly reduced 

BCL2L1 compared to HBX19818 alone. Despite this reduction, BCL2L1 mRNA levels with the 

combination treatment remained significantly higher than ibrutinib alone (Figure 4.21h).  

Finally, to address the impact on additional FOXO1 targets, GADD45A, insulin-like growth 

factor 1 receptor (IGFR1) and sestrin 3 (SESN3) were analysed. HBX19818 treatment alone 

significantly increased the levels of all three of these FOXO1 targets, while ibrutinib only 

increased expression of GADD45A compared to untreated controls. The combination 

treatment resulted in a significant upregulation of GADD45A, IGFR1 and SESN3 compared 

with untreated cells, which is in the case of IGFR1 and SESN3 expression represented a 

further enhancement compared to both single treatments. However, the combination of 

ibrutinib and HBX19818 significantly reduced GADD45A transcription levels compared to 

HBX19818 alone (Figure 4.21k-m).  

 

4.3.12 Selective USP7 inhibitors P5091 and HBX19818 in combination with 

ibrutinib promoted enhanced G0/G1 cell cycle arrest in MEC1 cells.  

Our data showed that HBX19818 treatment alone significantly increased CDKN1B mRNA 

levels, with a further increase observed under the combination treatment. To assess the 

impact of selective USP7 inhibitors, alone or in combination with ibrutinib, on cell cycle 

progression, MEC1 cells were treated with ibrutinib, P5091 or HBX19818 alone or in 

combination with ibrutinib, for 72 hr. PI analysis revealed that all drugs alone reduced cell 

cycling, with ibrutinib and HBX19818 significantly modulating the G0/G1 and S phases of 

the cell cycle, while P5091 treatment caused a significant reduction in S phase only. 

Combination treatments caused an enhanced reduction in S phase and M phase, 

particularly with the HBX19818 containing combinations (Figure 4.22). Together, these data 

indicate that combination of DUB inhibitors with ibrutinib causes an enhanced reduction in 

transit through the cell cycle. 
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Figure 4.22: The combination of ibrutinib with selective USP7 inhibitors elevated ibrutinib 
effectiveness at promoting G0/G1 cell cycle arrest in MEC1 cells.  
(a) Representative FACS histogram of MEC1 cells stained with PI for cell cycle analysis by 
quantitation of DNA content following treatment with ibrutinib (IBR; 1 µM), P5091 (P; 10 µM), and 
P/IBR, or no drug control (NDC/DMSO) for 72 hr. Quantification of DNA content in percentage (%) 
for cell cycle phase (b) G0/G1, (c) S, and (d) G2/M treated with P5091 and combination (oil green 
bars) as described in (a). (e) Representative FACS histogram of MEC1 cells stained with PI for cell 
cycle analysis treated with IBR, HBX19818 (HBX; 10 µM), and HBX/IBR, or NDC/DMSO for 72 hr. 
Quantification of DNA content (%) for cell cycle phase (f) G0/G1, (g) S, and (h) G2/M treated with 
HBX19818 and combination (oil green bars) as described in (e). Data expressed as the mean ± SEM. 
Statistics calculated by One-way ANOVA, Tukey test (b-d, f-h); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 
**** p ≤ 0.0001. 

 

4.3.13 FOXO1 directly interacted with USP7 in MEC1 and primary CLL cells. 

Based on our previous findings indicating that DUB proteins can modulate FOXO1 activity, 

we sought to investigate the potential interaction of FOXO1 with DUB proteins USP7, USP8, 

USP9x, USP10, USP14 and USP28 in MEC1 cells using co-IP. FOXO1, USP7 and USP9x were 

co-IP from cell lysates, with IgG as a control. USP7 co-IP revealed significant interaction of 

both USP9x and FOXO1 with USP7 compared to IgG controls (Figure 4.23a-c), while USP8, 

USP10, USP14, and USP28 were not detected in USP7 co-IP (data not shown). Given the 
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USP7 interaction with USP9x and FOXO1 in MEC1 cells, we examined the reciprocal 

interactions. As such, USP9x co-IP did not pull-down significant amounts of USP7 compared 

to IgG controls (Figure 4.23d & e). Conversely, FOXO1 co-IP showed significantly higher 

interaction with USP7 compared to IgG controls (Figure 4.23f & g). Additional experiments 

did not detect interaction between FOXO1 and USP8, USP9x, USP10, USP14, and USP28 

using FOXO1 co-IP (data not shown). These findings suggested an interaction between 

endogenous USP7 and FOXO1 in MEC1 cells. To determine if this interaction also occurs in 

primary CLL cells, we performed FOXO1 co-IP in primary CLL samples. Similar to MEC1 cells, 

USP7 interaction with FOXO1 was significantly higher compared to IgG controls (Figure 

4.23h & i). These data suggested an interaction between FOXO1 and USP7 in MEC1 and 

primary CLL cells. 

Next, we investigated how HBX19818 and ibrutinib, alone or in combination, affected this 

interaction in MEC1 cells. The data showed that ibrutinib treatment slightly increased USP7 

interaction with FOXO1 co-IP compared to untreated controls (p = 0.2). Conversely, 

HBX19818 treatment visibly reduced USP7 interaction with FOXO1 co-IP. Interestingly, the 

combination treatment slightly increased USP7 interaction with FOXO1 co-IP compared to 

HBX19818 alone, but remained lower than ibrutinib alone (p = 0.13) (4.23j & k). In BCR 

stimulated primary CLL cells, USP7 interaction with FOXO1 co-IP was slightly increased 

compared to unstimulated cells. This marginal increased in USP7 interaction with FOXO1 

co-IP was observed in some patient samples, while others demonstrated similar levels of 

interaction as seen in unstimulated controls. Ibrutinib treatment further enhanced the 

increase in USP7-FOXO1 interaction compared to unstimulated cells and, to a lesser extent, 

F(ab')2 stimulated CLL cells (Figure 4.23l & m). Furthermore, there was an interaction with 

USP9x and FOXO1 co-IP in some patient samples, while there was no detectable interaction 

in other samples (Figure 4.23l). These studies suggest a heterogeneity exists between CLL 

patient modulation of FOXO1-DUB protein interactions. 
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Figure 4.23: USP7 co-immunoprecipitated with FOXO1 in MEC1 and primary CLL cells.    
(a) Representative Western blot of USP7 co-immunoprecipitation (co-IP) in MEC1 cells probed for 
USP7, USP9x and FOXO1. The relative levels of proteins pulled down in USP7 co-IP compared to IgG 
control (black bar) for (b) USP9x (red bar; n = 7) and (c) FOXO1 (green bar; n = 6). (d) Representative 
Western blot of USP9x co-IP in MEC1 cells probed for FOXO1, USP9x and USP7. The relative levels 
of proteins pulled down in USP9x co-IP compared to IgG control (black bar) for (e) USP7 (beige bar; 
n = 7). (f) Representative Western blot of FOXO1 co-IP in MEC1 cells probed for FOXO1 and USP7. 
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The relative levels of proteins pulled down in FOXO1 co-IP compared to IgG control (black bar) for 
(g) USP7 (beige bar; n = 10). (h) Representative Western blot of FOXO1 co-IP in primary CLL cells 
(CLL204) probed for FOXO1 and USP7. The relative levels of proteins pulled down in FOXO1 co-IP 
compared to IgG control (black bar) for (i) USP7 (beige bar; n = 6). (j) Representative Western blot 
of FOXO1 co-IP in MEC1 cells treated with ibrutinib (IBR; 1 µM), HBX19818 (HBX; 10 µM), and 
HBX/IBR, or no drug control (NDC/DMSO) for 1 hr. The co-IP and whole cell lysate (Input) were 
probed for FOXO1, USP7, and β-ACTIN (loading control for input). (K) USP7 (beige bars; n = 4) levels 
pulled down with FOXO1 co-IP normalised to IgG, treated as described in (j). (l) Representative 
Western blot of FOXO1 co-IP in primary CLL cells (CLL173) unstimulated or stimulated with F(ab')2 

fragments (10 ng/mL) for 0.5 hr, following 1 hr pre-treatment with IBR. co-IP and whole cell lysate 
(Input) samples were probed for FOXO1, USP7, USP9x, and β-ACTIN (loading control for input). (m) 
USP7 (beige bars; n = 8) levels pulled down with FOXO1 co-IP normalised to IgG, treated as described 
in (l). The mean expression levels of proteins in vehicle were used to calculate the relative protein 
expression levels. Each dot represented an individual datapoint. Data expressed as the mean ± SEM. 
Statistics calculated by paired t-test (b, c, e, g. i), and One-way ANOVA, Tukey test (k & m); * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

4.3.14 shRNA mediated USP7 KD and USP9x KD upregulated the expression 

of AKTS473 and FOXO1T24 phosphorylation in MEC1 cells. 

Data using DUB inhibitors in combination with ibrutinib indicated that FOXO1 nuclear 

translocation was induced and enhanced ibrutinib effects on apoptosis, proliferation, and 

cell cycle in CLL cells. Additionally, USP7 and FOXO1 directly interact in MEC1 and primary 

CLL cells, and USP7 may act as a hub for other DUBs including USP9x. We therefore assessed 

the importance of USP7 and USP9x by transducing MEC1 cells with shRNA lentiviral vectors 

against these targets (Figure 4.24). shRNA constructs targeting distinct regions of the USP7 

and USP9x transcript were evaluated, alongside SCR shRNA control. USP7 KD and USP9x KD 

were established by examining transcript abundance and protein levels by RT-qPCR and 

Western blotting, respectively. The gene expression levels of USP7 and USP9x were 

repressed by constructs USP7-78 (0.41) and USP9x-64 (0.36) compared to SCR controls 

(Figure 4.24a & b). Similarly, the protein expression levels were reduced by constructs USP7-

78 (0.58) and USP9x-64 (0.32) compared to SCR controls (Figure 4.24c-f). 
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Figure 4.24: The gene and protein 
levels of USP7 and USP9x in shRNA 
KD MEC1 cells.  
RT-qPCR to assess transcription levels of 
(a) USP7 (USP7-78 KD = oil green bar; n = 
4) and (b) USP9x (USP9x-64 KD = purple 
bar; n = 4) shRNA-mediated knockdown 
(KD) of MEC1 cells transduced with 
shRNA constructs compared to 
scrambled (SCR = black bar; n = 4) 
control. The ΔΔCT method was used to 
calculate transcription levels: samples 
were normalised to the housekeeping 
gene B2M and made relative to SCR 
control. (c) Representative Western blot 
of MEC1 transduced with shRNA-USP7-
78 and SCR control. The blots were 
probed with USP7 and GAPDH (loading 
control). (d) Relative protein levels of 
USP7 (oil green bar; n = 4) and SCR (black 
bar; n = 4) between USP7 KD MEC1 cells 
and SCR MEC1 cells. (e) Representative 
Western blot of MEC1 transduced with 
shRNA-USP9x-64 and SCR control. The 
blots were probed with USP9x and 
GAPDH (loading control). (f) Relative 
protein levels of USP9x-64 KD (purple 
bar; n = 4) and SCR (black bar; n = 4) 
between USP9x KD MEC1 cells and SCR 
MEC1 cells. The mean expression levels 
of proteins in SCR were used to calculate 
the relative protein expression levels. 
Each dot represented an individual 
datapoint. Data expressed as the mean ± 
SEM. Statistics calculated by paired t-test; 
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 
0.0001. 

 

 

Our data demonstrated that selective USP7 inhibitors P5091 and HBX19818 had no 

significant effect on the p-FOXO1T24 levels and total FOXO1 in MEC1 and primary CLL cells 

(Figure 4.6 & 4.10). However, the combination with ibrutinib increased FOXO1 nuclear 

localisation, promoted G0/G1 cell cycle arrest, and upregulated key FOXO1 target genes, 

including CDKN1B (p27Kip1) and BCL2L11 (BIM) (Figure 4.21). Given the observed interaction 

between USP7 and FOXO1 (Figure 4.23), we investigated whether USP7 depletion could 
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impact the AKT-FOXO1 signalling axis and the expression of known FOXO1 targets 

(p21Waf1/Cip1, p27Kip1, and BIM) (377, 571). USP7 KD significantly upregulated p-AKTS473 in 

USP7 KD MEC1 cells compared to SCR controls. Additionally, ibrutinib treatment of SCR and 

USP7 KD cells inhibited p-AKTS473 levels completely (Figure 4.25a, b). As expected, USP7 KD 

and ibrutinib treatment did not affect total AKT protein levels in USP7 KD cells and SCR 

controls (Figure 4.25a, c). Similar to p-AKTS473, p-FOXO1T24 was significantly upregulated in 

USP7 KD cells compared to SCR controls, and ibrutinib treatment reduced p-FOXO1T24 with 

comparable effectiveness in both USP7 KD and SCR controls (Figure 4.25a, d). The 

expression levels of FOXO1 were similar in USP7 KD and SCR and were similarly reduced 

with ibrutinib treatment in USP7 KD cells and SCR controls (Figure 4.25a, e).  

As expected, USP7 expression was reduced in USP7 KD compared to SCR controls, and levels 

were not affected by ibrutinib treatment (Figure 4.25a, f), and expression levels of USP9x 

were not affected by USP7 KD and/or ibrutinib treatment (Figure 4.25a, g). The expression 

of p21Waf1/Cip1 was surprisingly reduced in USP7 KD compared to SCR, and further reduced 

with Ibrutinib treatment (Figure 4.25a, h). In contrast to USP7 inhibitors, USP7 KD in the 

presence and absence of ibrutinib had no effect on p27Kip1 expression compared to SCR 

control (Figure 4.25a, i). BIM isoforms (BIMEL, BIML and BIMS) were relatively increased in 

USP7 KD compared to SCR controls, but ibrutinib had little effect on their levels (Figure 

4.25a, j-l). Interestingly, USP7 KD led to a relative increase in PTEN expression compared to 

SCR controls, which was maintained with ibrutinib treatment (Figure 4.25a, m). The 

expression of MCL1 was not significantly altered by USP7 KD and ibrutinib treatment in both 

groups (Figure 4.25a, n).  
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Figure 4.25: shRNA mediated USP7 KD increased the p-AKTS473 and p-FOXO1T24 in MEC1 
cells.                      
(a) Representative Western blot of MEC1 transduced with shRNA construct USP7-78 or scrambled 
(SCR) control. The blots were probed with p-AKTS473, AKT, p-FOXO1T24, FOXO1, USP7, USP9x, 
p21Waf1/Cip1, p27Kip1, BIM (EL, L, S), PTEN, MCL1, and β-ACTIN (loading control; #1 and #2 representing 
mirror blots). The MEC1 transduced with shRNA construct USP7-78 and SCR control were treated 
with ibrutinib (IBR; 1 µM) for 1 hr or no drug control (NDC/DMSO). Relative proteins expression of 
(b) p-AKTS473 (n = 5), (c) AKT (n = 5), (d) p-FOXO1T24 (n = 5), (e) FOXO1 (n = 5), (f) USP7 (n = 5), (g) 
USP9x (n = 5), (h) p21Waf1/Cip1 (n = 2), (i) p27Kip1 (n = 2), (g) BIMEL (n = 2), (k) BIML (n = 2), (l) BIMS (n = 
2), (m) PTEN (n = 2),  and (n) MCL1 (n = 5) transduced with USP7-78 shRNA (oil green bars) or SCR 
control (black bars), and treated as described in (a). The mean expression levels of proteins in SCR 
vehicle were used to calculate the relative protein expression levels. Each dot represented an 
individual datapoint. Data expressed as the mean ± SEM. Statistics calculated One-way ANOVA, 
Tukey test (a-g, n); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

Given the observed co-IP of USP9x with USP7 and FOXO1 in a number of primary CLL cells 

(Figure 4.23), we investigated whether USP9x depletion could impact the AKT-FOXO1 
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signalling axis and the expression of known FOXO1 targets (p21Waf1/Cip1, p27Kip1, and BIM) 

(375, 377, 571) as well as MCL1 which was shown to be stabilised by USP9x (545). Similar 

to the USP7 KD data, USP9x KD significantly upregulated p-AKTS473 and p-FOXO1T24 in USP9x 

KD MEC1 cells compared to SCR controls, which was completely inhibited with ibrutinib 

treatment (Figure 4.26a, b, d). Similar to WP1130 treatment, USP9x KD significantly 

increased AKT expression compared to SCR controls, in a manner that was unaffected by 

ibrutinib treatment (Figure 4.26a, c). FOXO1 levels were slightly increased in USP9x KD (p = 

0.17), and ibrutinib treatment decreased FOXO1 expression in both USP9x KD and SCR cells 

(Figure 4.26a, e).  

USP7 levels were not affected by USP9x KD and ibrutinib treatment, while as expected 

USP9x expression were reduced in the KD cells (Figure 4.26a, f, g). USP9x KD had no effect 

on p21Waf1/Cip1, p27Kip1 PTEN or MCL1 expression compared to SCR control, and ibrutinib 

treatment did not change their expression in USP9x KD and SCR controls (Figure 4.26a, h, I, 

m, n). BIM isoforms (BIMEL, BIML, and BIMS) were slightly elevated in USP9x cells compared 

to SCR, while ibrutinib treatment largely had no effect on BIM isoforms in treated SCR, 

except for BIMS, which was downregulated (Figure 4.26a & j-l).  
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Figure 4.26: shRNA mediated USP9x KD increased the p- AKTS473 and total AKT in MEC1 
cells.                
(a) Representative Western blot of MEC1 transduced with shRNA construct USP9x-64 knockdown 
(KD) or scrambled (SCR) control. The blots were probed with p-AKTS473, AKT, p-FOXO1T24, FOXO1, 
USP7, USP9x, p21Waf1/Cip1, p27Kip1, BIM (EL, L, S), PTEN, MCL1, and β-ACTIN (loading control; #1 and 
#2 representing mirror blots). The MEC1 transduced with shRNA USP9x-64 KD and SCR control were 
treated with ibrutinib (IBR; 1 µM) for 1 hr or no drug control (NDC/DMSO). Relative proteins 
expression of (b) p-AKTS473 (n = 5), (c) AKT (n = 5), (d) p-FOXO1T24 (n = 5), (e) FOXO1 (n = 5), (f) USP7 
(n = 5), (g) USP9x (n = 5), (h) p21Waf1/Cip1 (n = 2), (i) p27Kip1 (n = 2), (g) BIMEL (n = 2), (k) BIML (n = 2), (l) 
BIMS (n = 2), (m) PTEN (n = 2),  and (n) MCL1 (n = 5) transduced with USP9x-64 shRNA (purple bars) 
KD or SCR control (black bars) cells, and treated as described in (a).The mean expression levels of 
proteins in SCR vehicle were used to calculate the relative protein expression levels. Each dot 
represented an individual datapoint. Data expressed as the mean ± SEM. Statistics calculated One-
way ANOVA, Tukey test (a-g, n); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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4.3.15 USP7 KD and USP9x KD had no significant impact on MEC1 viability 

and proliferation.  

We investigated whether shRNA-mediated KD of USP7 and USP9x in MEC1 cells could 

sensitise them to ibrutinib treatment, enhancing apoptosis and potentially affecting 

proliferation. MEC1 cells with shRNA KD or control (SCR) were treated with ibrutinib for 48 

hr or DMSO control. Cells were then stained with Annexin V and 7-AAD for apoptosis 

analysis or with CTV and apoptosis stains for proliferation analysis. Our results 

demonstrated that USP7 and USP9x KD had no significant effect on MEC1 cell viability 

compared to SCR controls. Ibrutinib treatment showed a trend towards reduced viability in 

USP7 KD cells (p = 0.23) compared to untreated SCR control cells, while USP9x KD had no 

effect on viability (Figure 4.27a, b). Similarly, the proliferation rates of USP7 and USP9x KD 

cells were not statistically different from control cells. However, KD cells became more 

sensitive to ibrutinib treatment, significantly reducing proliferation of USP7 and USP9x KD 

cells compared to untreated KD cells (Figure 4.27c, d). 

 

Figure 4.27: USP7 and USP9x 
KD had no effect on MEC1 cell 
viability and proliferation.  
MEC1 cells were transduced with 
shRNA construct (a&c) USP7-78 
knockdown (KD) (oil green bars; n 
= 4), (b&d) USP9x-64 KD (purple 
bars; n = 3) or scrambled (SCR) 
control (black bars). (a&b) Cells 
were stained with Annexin V and 
7-AAD to assess cell viability 
following treatment with 
ibrutinib (IBR; 1 μM) for 48 hr, or 
no drug control (NDC/DMSO). 
Viability is defined as Annexin V 
negative and 7-AAD/DAPI 
negative. Percentage viable cells 
for each condition are relative to 
SCR vehicle for MEC1 USP7-78 
and USP9x-64 KDs.  (c & d) Cells 
were stained with CTV to 
evaluate cell proliferation, 

following treatment with IBR for 48 hr, or NDC/DMSO. Geometric means for each condition are 
relative to SCR vehicle for MEC1 USP7-78 and USP9x-64 KDs. Each dot represented an individual 
datapoint. Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test 
(a-d); * p ≤ 0.05. 
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4.3.16 USP7 KD with the ibrutinib or PR-619 combination, enhanced FOXO1 

nuclear translocation in MEC1 cells. 

Our data demonstrated that ibrutinib treatment alone increased nuclear FOXO1 levels while 

reducing cytoplasmic FOXO1 levels. Furthermore, combining ibrutinib with the broad-

spectrum DUB inhibitor PR-619 or USP7 inhibitors (P5091 and HBX19818) further enhanced 

nuclear FOXO1 in MEC1 and primary CLL cells (Sections 4.3.7 and 4.3.8). Based on these 

findings, we investigated the effects of USP7 KD on FOXO1 subcellular localisation in MEC1 

cells. Additionally, we were interested in whether USP7 KD combined with ibrutinib and/or 

PR-619 treatment would further enhance FOXO1 nuclear localisation. Therefore, SCR 

control and USP7 KD MEC1 cells were treated with ibrutinib, PR-619 alone, or the 

combination of both inhibitors for 1 hr.  

USP7 KD did not significantly affect nuclear or cytoplasmic FOXO1 levels compared to SCR 

control cells. Similarly, PR-619 treatment had no effect on nuclear or cytoplasmic FOXO1 

levels in USP7 KD and SCR control cells. However, USP7 KD appeared to sensitise FOXO1 

nuclear localisation to ibrutinib treatment as USP7 KD led to a significant increase in nuclear 

FOXO1, exceeding the levels observed in ibrutinib treated SCR cells. The combination 

treatment further enhanced FOXO1 nuclear translocation, with the combination treatment 

in USP7 KD cells leading to a more pronounced increase in nuclear FOXO1 compared to the 

combination treatment in SCR cells (Figure 4.28a, b). These effects were mirrored in a 

decrease in FOXO1 expression in the cytoplasm (Figure 4.28a, c).  

USP7 KD significantly depleted the expression of USP7 in the nuclear and cytoplasmic 

fraction compared to SCR control cells. Furthermore, the nuclear and cytoplasmic levels of 

USP7 were not affected by ibrutinib, PR-619 and the combination treatments in both USP7 

KD and SCR cells (Figure 4.28a, d, e). 

In SCR cells, ibrutinib, PR-619, and the combination treatment did not affect nuclear USP9x 

expression. Similarly, USP7 KD itself had minimal impact on nuclear USP9x. Interestingly, 

the combination treatment significantly increased nuclear USP9x levels in USP7 KD cells 

compared to cells treated with ibrutinib, PR-619, or left untreated (Figure 4.28a, f). This 

upregulation of nuclear USP9x was also significantly higher compared to the combination 

treatment of SCR control cells. The cytoplasmic levels of USP9x were not affected by 

ibrutinib, PR-619 and the combination treatments in both USP7 KD and SCR cells (Figure 

4.28a, g). 
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Figure 4.28: USP7 KD MEC1 cells are sensitised to ibrutinib or PR-619 combination, 
enhancing FOXO1 nuclear translocation.  
(a) Representative Western blot of subcellular fractionation of MEC1 transduced with shRNA USP7-
78 or scrambled (SCR) control cells, both treated with PR-619 (PR; 3 μM), ibrutinib (IBR; 1 μM), and 
combination (PR/IBR), or no drug control (NDC/DMSO). Following 1 hr treatment as describe in (a), 
shRNA USP7-78 knockdown (KD) MEC1 and SCR cells (n = 3) were fractionated into cytoplasmic, 
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nuclear, and whole cell lysate (WCL). The blots were probed for FOXO1, USP7, USP9x, Lamin A/C 
(nuclear loading control), and β-Tubulin (cytoplasmic loading control). Relative protein expression 
of (b) nuclear FOXO1, (c) cytoplasmic FOXO1, (d) nuclear USP7, (e) cytoplasmic USP7, (f) nuclear 
USP9x, and (g) cytoplasmic USP9x between USP7-78 KD MEC1 cells (oil green bars) and SCR control 
(black bars), treated as described in (a). Added treatment (+), no treatment (-). Nuclear and 
cytoplasmic fractions were normalised to loading controls (Lamin A/C and β-Tubulin, respectively). 
The mean expression levels of proteins in SCR vehicle were used to calculate the relative protein 
expression levels for USP7-78 KD and SCR MEC1 cells. Each dot represented an individual datapoint. 
Data expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test (b-g); *0.05, 
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

4.3.17 USP9x KD with the ibrutinib or PR-619 combination, enhanced FOXO1 

nuclear translocation in MEC1 cells. 

Our data showed that WP1130 alone and in combination with ibrutinib had no effect on 

FOXO1 nuclear translocation in MEC1 cells (Section 4.3.7). However, the STRING database 

(Section 3.3.11) and co-IP (Section 4.3.13) both suggested a possible interaction between 

USP9x and USP7, which is known to regulate FOXO1. Based on these findings, we 

investigated the effects of USP9x KD on FOXO1 subcellular localisation in MEC1 cells. SCR 

and USP9x KD MEC1 cells with ibrutinib, PR-619 alone, or the combination of both inhibitors 

for 1 hr.  

USP9x KD did not significantly affect nuclear or cytoplasmic FOXO1 levels compared to SCR 

control cells. Similarly, PR-619 treatment had no effect on nuclear or cytoplasmic FOXO1 

levels in USP9x KD and SCR control cells. However, as seen above with USP7 KD, USP9x KD 

sensitised FOXO1 nuclear localisation to ibrutinib treatment, exceeding the levels observed 

in ibrutinib treated SCR control cells, and the combination treatment further enhanced 

FOXO1 nuclear translocation in SCR control. The combination treatment also further 

increased nuclear FOXO1 in USP9x KD cells compared to the inhibitors alone (Figure 4.29a, 

b). These effects were mirrored in a decrease in FOXO1 expression in the cytoplasm (Figure 

4.29a, c). 

USP9x KD significantly depleted the expression of USP9x in the cytoplasm and to a lesser 

extent in the nucleus (p = 0.3) compared to SCR cells, and were not affected by ibrutinib, 

PR-619 and the combination treatments in both USP9x KD and SCR cells (Figure 4.29a, d, 

e). The nuclear and cytoplasmic levels of USP7 were not affected by ibrutinib, PR-619 and 

the combination treatments in both USP9x KD and SCR cells (Figure 4.29a, f, g). 
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Figure 4.29: USP9x KD in MEC1 cells sensitised FOXO1 nuclear localisation to ibrutinib 
treatment.  
(a) Representative Western blot of subcellular fractionation of MEC1 transduced with shRNA USP9x-
64 or scrambled (SCR) control cells, both treated with PR-619 (PR; 3 μM), ibrutinib (IBR; 1 μM), and 
combination (PR/IBR), or no drug control (NDC/DMSO). Following 1 hr treatment, shRNA USP9x-64 
knockdown (KD) MEC1 and SCR cells (n = 3) were fractionated into cytoplasmic, nuclear, and whole 
cell lysate (WCL). The blots were probed for FOXO1, USP9x, USP7, Lamin A/C (nuclear loading 
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control), and β-Tubulin (cytoplasmic loading control). Relative protein expression of (b) nuclear 
FOXO1, (c) cytoplasmic FOXO1, (d) nuclear USP9x, (e) cytoplasmic USP9x, (f) nuclear USP7, and (g) 
cytoplasmic USP7 between shRNA USP9x-64 KD (purple bars) and SCR (black bars) MEC1 cells, 
treated as described in (a). Added treatment (+), no treatment (-). Nuclear and cytoplasmic fractions 
were normalised to loading controls (Lamin A/C and β-Tubulin, respectively). The mean expression 
levels of proteins in SCR vehicle were used to calculate the relative protein expression levels for 
shRNA USP9x-64 KD MEC1 cells and SCR control. Each dot represented an individual datapoint. Data 
expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test (b-g); * p ≤ 0.05, 
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

4.3.18 FOXO1 DNA binding activity was increased by USP7 KD and USP9x KD 

in MEC1 cells.  

To assess the effects of USP7 and USP9x KD on FOXO1 DNA binding activity, we performed 

subcellular fractionations. MEC1 cells with shRNA-mediated KD of USP7 or USP9x, and SCR 

control cells, were treated with ibrutinib for 1 hr, or left untreated. Subsequently, nuclear 

fractions were isolated and the TransAM transcription factor activation assay was used. The 

data revealed that USP7 or USP9x depletion alone in MEC1 cells modestly increased FOXO1 

DNA binding activity compared to control cells (p = 0.16 and 0.19, respectively). As 

expected, ibrutinib treatment significantly enhanced FOXO1 activity in both the SCR and KD 

MEC1 cells. Notably, FOXO1 DNA binding activity increased in the USP7 or USP9x KD in the 

presence of ibrutinib, indicating that the presence of USP7 or USP9x muted the FOXO1 

activity response to ibrutinib (Figure 4.30a, b). 

 

Figure 4.30: USP7 and USP9x KD upregulated FOXO1 DNA binding activity in MEC1 cells.  
Nuclear fractions were generated by subcellular fractionation and the TransAM FOXO1 activity assay 
was used to determine FOXO1 DNA-binding activity. FOXO1 activity in MEC1 transduced with shRNA 
construct (a) USP7-78 knockdown (KD) (oil green bars; n = 6), (b) USP9x-64 KD (purple bars; n = 6) 
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or scrambled (SCR = black bars) cells, treated with ibrutinib (IBR; 1 μM), or no drug control 
(NDC/DMSO) for 1 hr. The mean of FOXO1 activity in SCR vehicle were used to calculate USP7-78 
and USP9x-64 KD relative activity levels. Each dot represented an individual datapoint. Data 
expressed as the mean ± SEM. Statistics calculated by One-way ANOVA, Tukey test (a & b); * p ≤ 
0.05, ** p ≤ 0.01, **** p ≤ 0.0001. 

 

4.3.19 USP7 KD in MEC1 cells significantly increased FOXO1 target genes. 

Given the role of FOXO1 activity in upregulating BCL2L11 (BIM), CDKN1A (p21Waf1/Cip1), and 

CDKN1B (p27Kip1) , and downregulating CCND2 (cyclin D) (571, 572), we investigated 

whether USP7 KD modulated the expression of these established FOXO1 targets. We 

employed RT-qPCR to measure the mRNA levels of these genes in USP7 KD MEC1 cells 

compared to SCR control cells. The data revealed that FOXO1 and FOXO4 were significantly 

upregulated in USP7 KD cells, while FOXO3 expression did not change compared to SCR 

controls (Figure 4.31a-c). While BCL2L1 and BBC3 were similar in USP7 KD and SCR cells, 

BCL2L11 was significantly upregulated in USP7 KD cells indicated a bias towards a pro-

apoptotic cell fate (Figure 4.31d-f). Considering cell cycle regulation, CDKN1A mRNA levels 

were significantly upregulated and CDKN1B was slightly upregulated in USP7 KD, while 

CCND2 was significantly downregulated compared with SCR controls (Figure 4.31g-i), 

suggesting a reduction in proliferation in USP7 KD cells. Notably, while the transcription 

levels of GADD45A, SESN3 were significantly downregulated in USP7 KD, IGF1R was 

significantly upregulated in the KD cells compared to SCR controls (Figure 4.31j-l). 
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Figure 4.31: The transcription levels of FOXO1 target genes were altered by USP7 KD in 
MEC1 cells.  
RT-qPCR to assess transcription levels of (a) FOXO1, (b) FOXO3, (c) FOXO4, (d) BCL2L1, (e) BBC3, (f) 
BCL2L11, (g) CDKN1A, (h) CDKN1B, (i) CCND2, (j) GADD45A, (k) IGF1R, and (l) SESN3, in MEC1 
transduced with shRNA construct USP7-78 knockdown (USP7-78 KD = oil green bar; n = 4), or 
scrambled (SCR = black bars; n =4 ). The ΔΔCT method was used to calculate transcription levels, 
where samples were normalised to housekeeping gene B2M, and then made relative to SCR control. 
Each dot represented an individual datapoint. Data expressed as the mean ± SEM. Statistics 
calculated by paired t-test (a-l); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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4.3.20 USP9x KD in MEC1 cells upregulated FOXO1 target genes BCL2L11 and 

CDKN1B. 

To assess the mRNA levels of FOXO1 target genes in USP9x KD MEC1 cells, we preformed 

RT-qPCR. Interestingly the same gene modulation noted for USP7 KD cells was seen for 

USP9x KD cells when analysing the FOXO1 family members, FOXO1, FOXO3 and FOXO4 

(Figure 4.32a-c). While BCL2L1 did not change between USP9x KD and SCR controls, the 

transcription levels of BBC3, BCL2L11, CDKN1A, CDKN1B, and CCND2 were significantly 

upregulated by USP9x depletion in MEC1 cells compared to SCR controls (Figure 4.32d-i). 

GADD45A expression was significantly reduced in USP9x KD cells compared to SCR controls 

(Figure 4.32j). Depletion of USP9x in MEC1 cells resulted in significant increase in both 

IGF1R and SESN3 expression compared to SCR controls (Figure 4.32k & l). Of note, the 

changes in both CCND2 and SESN3 were the opposite to the changes in expression seen in 

USP7 KD cells. 
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Figure 4.32: FOXO1 target genes BCL2L11 and CDKN1B are significantly upregulated in 
USP9x KD MEC1 cells.  
RT-qPCR to assess transcription levels of (a) FOXO1, (b) FOXO3, (c) FOXO4, (d) BCL2L1, (e) BBC3, (f) 
BCL2L11, (g) CDKN1A, (h) CDKN1B, (i) CCND2, (j) GADD45A, (k) IGF1R, and (l) SESN3, in MEC1 
transduced with shRNA USP9x-64 knockdown (USP9x-64 KD; purple bar; n = 4), or SCR (black bars; 
n =4 ). The ΔΔCT method was used to calculate transcription levels, where samples were normalised 
to housekeeping gene B2M, and then made relative to SCR control. Each dot represented an 
individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by paired t-test (a-l); 
* p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001. 
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4.4 Discussion 

This chapter investigated the regulation of FOXO1 in MEC1 and primary CLL cells focusing 

on the effects of ibrutinib and DUB inhibitors alone or in combination, assessing the 

regulation of FOXO1 phosphorylation/expression, subcellular localisation, activity, and 

modulation of FOXO1 target genes. We used co-IP to explore the interaction between 

FOXO1 and DUB proteins. shRNA-mediated KD of USP7 or USP9x was employed to 

determine their role, both alone and in combination with ibrutinib, in regulating FOXO1. 

FOXO1 co-IP demonstrated a direct interaction between FOXO1 and USP7. While this 

interaction was unaffected by F(ab')2 stimulation, ibrutinib treatment increased the FOXO1-

USP7 interaction, suggesting that the PI3K/AKT pathway may play a role in modulating this 

interaction. Additionally, USP7 reverse co-IP validated the USP7-FOXO1 interaction in MEC1 

cells. Although knocking down USP7 had no significant effect on total FOXO1 expression, or 

its subcellular localisation, USP7 KD increased FOXO1 DNA binding activity and FOXO1 

modulation of its target genes, including an increase in CDKN1A transcription and a 

reduction in CCND2 transcription levels. Despite the lack of interaction between FOXO1 and 

USP9x, USP9x KD increased FOXO1 DNA binding activity and subsequently FOXO1 

modulation of its target genes, while showing no effect on FOXO1 expression or subcellular 

localisation, similar to USP7 KD. Interestingly, combining ibrutinib with USP7 or USP9x KDs 

significantly enhanced FOXO1 nuclear localisation and DNA binding activity. Although the 

combination of ibrutinib with PR-619, P5091, HBX19818, or WP1130 had no additive effect 

on downregulating AKTS473 and FOXO1T24 phosphorylation levels, the combination 

enhanced ibrutinib influence on cell apoptosis, proliferation, and cell cycle arrest at the 

G0/G1 phase. Of note, the protein expression of BIMEL was increased by DUB inhibitors and 

further enhanced by the combination treatments. Subcellular fractionation of FOXO1 

demonstrated that DUB inhibitors, including PR-619, P5091, HBX19818, and WP1130, alone 

had no impact on FOXO1 nuclear localisation, while ibrutinib alone or in combination with 

DUB inhibitors demonstrated enhanced FOXO1 nuclear accumulation and reduced 

cytoplasmic translocation. While the TransAM FOXO1 DNA binding activity data showed 

that the combination of ibrutinib with PR-619 or HBX19818 had no further enhancement 

on FOXO1 DNA binding activity compared to ibrutinib alone, HBX19818 treatment alone 

modulated FOXO1 target genes, inducing increased transcription levels of CDKN1B, SESN3, 

and BBC3, indicative of an elevation in FOXO1 activity. Furthermore, the combination of 
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HBX19818 with ibrutinib further enhanced the upregulation of these genes, suggesting that 

HBX19818 treatment sensitises the cells for ibrutinib treatment. These data suggested that 

the enzymatic activity of DUB proteins, particularly USP7 and USP9x, regulates FOXO1 

activity through reducing FOXO1 occupation at its DNA binding site, resulting in the 

downregulation of FOXO1 modulation of its target genes, while having no effect on FOXO1 

total expression and subcellular localisation. Therefore, simultaneously inhibiting DUB 

proteins, particularly USP7 deubiquitination of FOXO1 and its PI3K/AKT-mediated 

phosphorylation by the combination of ibrutinib and HBX19818, enhanced FOXO1 

modulation of its target genes, as well as FOXO1 nuclear accumulation. 

 

4.4.1 DUB proteins regulated BCR signalling in MEC1 and primary CLL cells. 

Several DUB proteins have been identified to regulate key tumour suppressor proteins, 

including FOXO1, PTEN, and p53, with USP7 particularly shown to affect their stability and 

control their activity and expression (460, 477, 565). Our data using DUB inhibitors 

illustrated a downregulation in AKTS473 and FOXO1T24 phosphorylation as well as total FOXO1 

protein expression in MEC1 and F(ab')2 stimulated patient CLL cells. These data indicate that 

DUB proteins potentially regulate the activity of FOXO1 through downregulation of BCR 

activity through AKTS473 and FOXO1T24 phosphorylation. This downregulation of p-FOXO1T24 

by DUB inhibitors may act through direct interaction with FOXO family member by 

preventing DUB proteins from removal of monoubiquitination of FOXO1, leading to 

enrichment of FOXO1 in the nucleus which may result in FOXO1 activation. Indeed, our data 

support the movement of FOXO1 into the nucleus in the presence of DUB inhibitors, as 

indicated by the modulation of FOXO target genes, which indicates an increase in FOXO1 

transcriptional activity.  However, DUB regulatory role in FOXO1 subcellular localisation may 

require the inhibition of BCR-mediated inactivation of FOXO1, as has been suggested (477). 

Furthermore, the inhibition of DUB protein activity may modulate p-FOXO1T24 indirectly 

through preventing DUB protein from stabilisation of E3 ligase including MDM2 and SKP2 

(478, 573), which has been reported to induce FOXO1 proteasomal degradation.  

USP9x has been reported to regulate downstream BCR proteins including mTORC2 (455, 

479, 480) and ZAP-70 (482) which both play a key role in BCR activity, and may therefore, 

influence downregulation of p-FOXO1T24 through inhibition of USP9x. Since BCL2L11 

expression is regulated by FOXO1 (574), we analysed protein expression of BIM isoforms 
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(BIMEL, BIML and BIMS), where BIMEL levels were upregulated in MEC1 and F(ab')2 

stimulated CLL cells treated with DUB inhibitors (PR-619, P5091, HBX19818, WP1130). This 

upregulation of BIMEL, which is released with BIML during cell apoptosis (574), potentially 

increased due to suppression of p-FOXO1T24, and accumulation of FOXO1 in the nucleus 

(575). However, the protein expression of BIML and BIMS were not affected by the DUB 

inhibitors.  

In alignment with Carrà, Panuzzo (460), DUB inhibitors demonstrated no effect on PTEN 

protein expression. However, contrary to reported increased protein expression of 

p21Waf1/Cip1 in MEC1 cells treated with P5091 (460), our data showed that DUB inhibitors 

did not influence the protein levels of both p21Waf1/Cip1 and p27Kip1. This discrepancy might 

be due to our short incubation of 1 hr with P5091 treatment and that extended incubation 

may be needed to further investigate DUB inhibitors regulation on the protein expression 

of p21Waf1/Cip1 and p27Kip1 in CLL cells. Of note, while the protein levels of p27Kip1 did not 

increase by DUB inhibitors, the transcript levels of CDKN1B were upregulated upon 24 hr 

HBX19818 treatment in MEC1 cells indicative of elevation of FOXO1 activity. Overexpression 

of USP9x has been reported to upregulate the protein expression of cMYC (576), while 

USP14 has been suggested to impact the activity of cMYC through stabilisation of NAP1L1 

(577), which is also involved in the activation of PI3K/mTOR/AKT signalling pathway (578). 

Additionally, in naïve B-cells, activation of BCR or CD40 signalling pathways leads to 

upregulation of cMYC (579). Our data showed that WP1130 inhibitor which inhibits 

USP5/9x/14 DUB proteins, led to downregulation of cMYC in MEC1 cells, which could be 

influenced by USP9x mediation of mTORC2 activity, by promoting mTORC2 via removing the 

Lys-63 ubiquitin linkage from RICTOR (455). Therefore, inhibition of USP9x could mediate 

downregulation of BCR signalling, leading to FOXO1 activation, inducing cell cycle arrest and 

apoptosis. 

Our data demonstrated that inhibition of DUBs activity resulted in downregulation of BCR 

activation and dephosphorylation of FOXO1 in a concentration dependent manner, which 

may lead to FOXO1 nuclear translocation, inducing the expression of target genes that 

regulate metabolism (580), cell cycle arrest and apoptosis (581). Subcellular localisation of 

FOXO1 showed that inhibition of DUB proteins had no significant impact on FOXO1 nuclear 

and cytoplasmic localisation. Treatment with DUB inhibitor PR-619 and HBX19818 had no 

significant effect on FOXO1 DNA binding activity in CLL cells. This might be due to the short 
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1 hr treatment of the cells and longer incubation with DUB inhibitors may be required. In 

chapter 3, we explored the impact of PR-619 and WP1130 on the established USP7 target 

protein MDM2 (478) up to 4 hr of incubation, and the data showed a trend towards 

downregulation in a time-dependent manner, which may indicate that longer incubation 

with DUB inhibitors might be required to observe changes in FOXO1 subcellular localisation. 

In alignment with longer incubation with DUB inhibitors, it has been reported that 48 hr 

incubation with P5091, resulted in the upregulation of nuclear PTEN levels in MEC1 cells 

(460). The subcellular localisation and FOXO1 DNA binding activity data indicated that 

FOXO1 activity were not influenced by the short-term treatment with DUB inhibitions.  The 

finding that FOXO1 target genes including BBC3, CDKN1B, GADD45A, SESN3, CCND2, and 

BCL2L1 were modulated by HBX19818 inhibition (339, 382, 510, 534, 582) indicates that 

DUB inhibitors regulate FOXO1 activity. Indeed, DUB inhibitors reduced MEC1 and primary 

CLL cells viability, proliferation, and increased cells at G0/G1 phase. Aligning with our cell 

cycle data, USP7 KD in A375 cells induced cell cycle arrest at G0/G1 (478), indicating that 

USP7 promotes cell growth. However, whether FOXO1 is the main driver for the detected 

inhibition in cell cycle progression remains to be investigated. Our findings suggest that DUB 

proteins, may play a critical role in CLL cell survival by regulating FOXO1 activity through 

modulating FOXO1 target genes. FOXO1 is a key transcription factor downstream of BCR-

mediated PI3K signalling (397), a pathway known to be crucial for CLL pathogenesis and 

progression (51). By potentially modulating FOXO1 activity, DUB proteins could influence 

this critical pathway and contribute to CLL survival.  

 

4.4.2 The combination of Ibrutinib with DUB inhibitors enhanced ibrutinib 

modulation of FOXO1 activity, leading to cell cycle arrest and apoptosis in 

CLL cells.   

Calnan and Brunet (339) suggested that FOXOs subcellular localisation is regulated by 

multiple layers of post-translational modifications, of which FOXOs phosphorylation and 

monoubiquitination are the main key regulators. Furthermore, it has been reported that 

DUB proteins, particularly USP7, interaction with FOXO4 resulted in deubiquitination and 

removal of ubiquitin from the protein (360, 478). This process led to FOXO4 cytoplasmic 

exclusion and inactivation (360). Here we investigated the impact of ibrutinib, alone and in 

combination with DUB inhibitors, on BCR-mediated FOXO1 phosphorylation in MEC1 and 
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short-term F(ab')2 stimulated primary CLL cells. Interestingly, the data demonstrated that 

both ibrutinib alone and the combination treatment resulted in similar reductions in FOXO1 

phosphorylation. This lack of additional effect from the combination treatment might be 

due to the high effectiveness of ibrutinib treatment in reducing FOXO1 phosphorylation. 

Furthermore, as we showed in Chapter 3, shorter (1 hr) ibrutinib treatment resulted in 

slightly lower FOXO1 phosphorylation compared to a longer (24 hr) incubation. Therefore, 

we speculate that the combination of ibrutinib and DUB inhibitors might have a more 

durable impact on downregulating FOXO1 phosphorylation with extended treatment 

durations. Of note, the combination treatment enhanced the upregulation of pro-apoptotic 

protein BIMEL (BCL2L11) at both protein and mRNA levels as well as reduction of anti-

apoptotic proteins cMYC and MCL1 in CLL cells. Ibrutinib treatment effectively increased 

FOXO1 nuclear translocation and reduced cytoplasmic FOXO1 levels in both MEC1 and 

primary CLL cells. Of note, the combination of ibrutinib with most DUB inhibitors (P5091, 

HBX19818, and WP1130) did not further enhance this effect. However, the exception was 

the combination of ibrutinib with PR-619 in MEC1 cells, which showed an additive effect on 

increasing FOXO1 nuclear localisation and cytoplasmic reduction. This enhancement was 

only observed in MEC1 cells but not in primary CLL cells, which could be due to CLL 

heterogeneity of patient samples. Despite the lack of an overall additive effect with other 

DUB inhibitors, a notable observation was the reduced FOXO1 cytoplasmic levels with the 

combination treatment. They may suggest that the simultaneous inhibition of 

phosphorylation and deubiquitination of FOXO1 with the combination treatment may 

trigger the activation of an E3 ligase target FOXO1 for monoubiquitination, and 

subsequently facilitate FOXO1 translocation from the cytoplasm to the nuclear, as has been 

suggested (360). While the combination treatment of ibrutinib and DUB inhibitors did not 

further enhance FOXO1 DNA binding compared to ibrutinib alone, possibly due to the short 

incubation time and ibrutinib high effectiveness at 1 hr of treatment, it significantly 

modulated FOXO1 target genes. HBX19818 increased the transcription levels of established 

FOXO1 target genes CDKN1B and BBC3, more effectively than ibrutinib alone. The 

combination further enhanced this upregulation, suggesting compatibility in targeting the 

two key mechanisms driving FOXO1 cytoplasmic exclusion: phosphorylation and 

deubiquitination. Additionally, the combination reduced the transcription of oncogenic 

BCL2L1 and CCND2 gene expression, which HBX19818 alone increased. This highlights the 

potential benefit of the combination in balancing the effects of these inhibitors. Notably, 
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ibrutinib treatment had minimal impact on CLL cell viability. However, the combination 

enhanced ibrutinib potency, leading to increased cell death, reduced proliferation, and 

augmented cell cycle arrest compared to ibrutinib alone. These data suggest that FOXO1 

inactivation through BCR activation plays a critical role in CLL development and survival, 

and ibrutinib treatment promoted FOXO1 DNA binding activity, nuclear localisation, and cell 

cycle accumulation at G0/G1. These findings indicate that targeting both BCR-mediated 

phosphorylation and DUB-mediated regulation of FOXO1 may represent a promising 

therapeutic strategy for CLL patients, simultaneously inhibiting these two aspects of FOXO1 

post-translational modifications. 

 

4.4.3 USP7 interaction with FOXO1 protein, led to FOXO1 inactivation in CLL 

cells. 

In previous chapter, the STRING database identified potential interactions between FOXO1 

and DUB proteins. USP7 was predicted to co-express with USP8, 9x, 10, 14, and 28. While 

FOXO1 co-IP confirmed the interaction between FOXO1 and USP7, we did not find evidence 

of other predicted DUB proteins binding to FOXO1. Interestingly, our data also showed USP7 

interaction with USP9x. To investigate this interaction further, we used shRNA mediated KD 

of USP7 or USP9x in MEC1 cells. Surprisingly, the shRNA mediated KD of USP7 or USP9x 

increased the phosphorylation of both AKTS473 and FOXO1T24, while total FOXO1 protein 

levels remained unchanged. This suggested that USP7 and USP9x KD might activate the 

PI3K/AKT signalling pathway, which negatively regulates FOXO1 activity. This finding 

contrasts with our observation that USP7 inhibitors P5091 and HBX19818 reduced FOXO1 

phosphorylation in a concentration-dependent manner. Studies in melanoma cell line A375 

showed that USP7 KD had no effect on total FOXO4 levels (478). These observations suggest 

that a complex dose-dependent regulation of FOXO1 by USP7/USP9x may exist, where 

complete removal might have a different outcome compared to partial removal. Despite 

the unexpected increase in FOXO1 phosphorylation with the KDs, ibrutinib downregulated 

AKT and FOXO1 phosphorylation. Notably, BIM (BCL2L11) showed increased protein and 

mRNA expression upon KD, further enhanced by ibrutinib treatment. This aligns with the 

observed BIM upregulation with the combination of ibrutinib and DUB inhibitors. These 

findings indicated that USP7 KD and USP9x KD might influence FOXO1 activity through 

modulating FOXO1 DNA binding occupancy or stabilisation of regulatory proteins such as 
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E3 ligases MDM2 and SKP2. Additionally, our data demonstrated that PTEN protein levels 

were not affected by the KD which was observed by Carrà, Panuzzo (460) in MEC1 cells. 

Furthermore, It has been reported that USP9x stabilised the protein expression of MCL1 in 

MM cells by removing K48 polyubiquitination chains which tag MCL1 for proteasomal 

degradation (545). Our data showed that WP1130 reduced the protein expression of MCL1 

in a dose-dependent manner, while USP9x KD had no effect on MCL1 protein levels. 

Furthermore, USP7 and USP9x KD, while not affecting FOXO1 subcellular localisation on 

their own, enhanced ibrutinib treatment effect on promoting FOXO1 nuclear accumulation 

and reduced FOXO1 cytoplasmic exclusion. This suggests that a potential cooperative role 

between USP7/USP9x activity and ibrutinib-mediated inhibition of p-FOXO1T24 in regulating 

FOXO1 localisation. Strikingly, FOXO1 DNA binding activity increased upon USP7 or USP9x 

KD and was further enhanced by ibrutinib, an effect that was not observed with DUB 

inhibitors. The elevation in FOXO1 activity in KD cells was supported by enhanced 

transcription of FOXO1 target genes including CDKN1A, CDKN1B, BBC3, and BCL2L11. 

However, this did not translate to a measurable increase in cell death or proliferation effects 

in our study.  

The observed discrepancies between the effects of USP7/USP9x KD and DUB inhibitors on 

FOXO1 phosphorylation warrant further investigation. Using CRISPR-Cas9 technique to 

knockout (KO) USP7 and USP9x could allow us to compare the complete absence of these 

DUBs to partial downregulation, or inhibition and their impact on FOXO1 regulation (583). 

The potential role of other DUB family members beyond USP7 and USP9x in FOXO1 

regulation requires investigation. A broader screen targeting various DUBs may identify 

additional DUB proteins involved in the regulation of FOXO1 activity. It is important to 

explore the possibility of indirect regulation by DUBs, which could involve stabilising E3 

ligases including MDM2 and SKP2, which can then target FOXO1 for ubiquitination and 

degradation. This study highlighted the intricate interplay between FOXO1, USP7, and 

USP9x in CLL. While the complex regulatory mechanisms require further investigation, our 

findings provide evidence for the potential of targeting these DUB proteins as a therapeutic 

strategy in CLL, with inhibition of FOXO1 phosphorylation and USP7/USP9x activity 

achieving a more robust FOXO1 activation and may lead to durable therapeutic effect.  
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Chapter 5. TRIM21 modulation of FOXO1 expression, 
subcellular localisation and activity in CLL cells. 

 

5.1 TRIM protein family 

The tripartite motif (TRIM) protein family is one of the largest subfamilies of Really 

Interesting New Gene (RING) E3 ubiquitin ligases (584, 585). This family contains more than 

70 members which are involved in regulating cellular processes including apoptosis, cell 

cycle progression, innate immune response, and activation or suppression of carcinogenesis 

(585, 586). TRIM family proteins are composed of a highly conserved order of domains in 

the N-terminal region also called TRIM domain, consisting of the RING domain, followed by 

one or two B-box domains, a long coiled-coil region, and a C-terminus. This C-terminus 

allows categorisation of TRIM family members into subgroups (Figure 5.1) (586, 587). 

 

Figure 5.1: Structure of C-IV TRIM family members (modified from (586)).  
The human TRIM family of proteins consists of 9 families, classified from C-I to C-XI according to the 
composition of the carboxy-terminal domain. TRIM21 is a member of the C-IV family with carboxy-
terminal PRY SPRY domain. R; Ring finger, B; box, CC; coiled-coil.  

 

Several TRIM family members, including TRIM5α, TRIM8, TRIM11, TRIM21, TRIM22 and 

TRIM25, possess RING domains that function as E3 ubiquitin ligases (588, 589). Therefore, 

these RING domain-containing TRIM proteins play a role in regulating cellular processes by 

modifying proteins through ubiquitination. 
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TRIM21 (also known as Ro52) has been reported to function as a ubiquitin E3 ligase, IgG 

receptor, and an autoantigen in autoimmune diseases including systemic lupus 

erythematosus and Sjögren’s syndrome (590, 591). Indeed, TRIM21 binds to the Fc region 

of IgG through two distinct binding pockets, the PRY domain, and the SPRY domain (592). 

Furthermore, TRIM21 has been reported to have the highest affinity for the Fc region of IgG 

compared to IgA and IgM in the human body (593). TRIM21 binds simultaneously to Fc 

heavy chains of IgG, mediating of intracellular antibody neutralisation of viral infection 

(593). TRIM21 has been shown to negatively regulate the production of IRF3, 5, and 7, 

through its E3 ubiquitin ligase activity leading to degradation and blocking the transcription 

of IFN (594-597). Furthermore, through the monoubiquitination of IKKβ, TRIM21 

downregulated Tax-induced NF-кB activation, which subsequently could inhibit NF-кB 

mediated responses in chronic inflammatory diseases and tumorigenesis (598). 

Overexpression of TRIM21 reduced the transcription levels of c-FLIP(L), an important 

downstream anti-apoptotic gene of NF-кB, potentially through suppression of NF-кB 

activity, leading to apoptosis mediated by TRIM21 in a aspase-8-dependent manner (599). 

TRIM21 KD in HeLa cells, increased BCL-2, inducing apoptosis independently of p53 

expression (590). Collectively these studies indicate that TRIM21 appear to have a tumour 

suppressor effect. However, TRIM21 has been reported to play a dual role in cancers, 

exhibiting tumour-suppressive properties in DLBCL, renal cell carcinoma (RCC), ovarian 

cancer (OC), gastric cancer (GC), and breast cancer (600-606), while studies revealed that 

TRIM21 was a tumour promotor in colon, pancreatic, gliomas and thyroid cancers (607-

609). 

 

5.1.1 TRIM21 acts as tumour suppressor 

In DLBCL, high levels of TRIM21 in tissue correlated with better OS and PFS, regardless of 

treatment regimen (CHOP or R-CHOP) or disease status (600). Furthermore, proliferating 

cells exhibited significantly lower TRIM21 levels, suggesting that downregulation of TRIM21 

may contribute to aggressive tumour growth (600). In RCC, TRIM21 expression in primary 

RCC tissue was lower compared to normal tissue (601). This low expression correlated with 

shorter OS (601). Mechanistically, TRIM21 inhibited RCC cell glycolysis by ubiquitinating 

hypoxia-inducible factor 1-alpha (HIF-1α), leading to its degradation and suppressing 

proliferation, migration, and metastasis of RCC cells in vitro and in vivo (601). Similarly, in 
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OC, the tissues show reduced TRIM21 expression compared to normal tissue (602). This low 

level of TRIM21 was associated with shorter OS (602). Furthermore, overexpression of 

TRIM21 inhibited migration, invasion, proliferation, and cell cycle progression in OC cells 

(602). In GC, the tissues show lower TRIM21 levels compared to normal tissue (603). These 

low levels linked to higher recurrence rates and lower OS (603). TRIM21 KD reduced the 

sensitivity of GC cells to apatinib (APA), a tyrosine kinase inhibitor specific for ATP binding 

site in vascular endothelial growth factor receptor 2 (VEGFR-2), while overexpressing 

TRIM21 enhanced the effect of APA on reducing colony formation and inducing apoptosis 

(603). TRIM21 has been shown to interact with the enhancer of zeste homologue 1 (EZH1) 

protein, and its expression enhanced the effectiveness of APA by suppressing EZH1 stability, 

which promotes tumour growth (603). In breast cancer, high TRIM21 expression was 

associated with better survival in patients (604). TRIM21 was found to interact with SET 

domain containing 7 (SET7/9), a protein associated with promoting cell migration, invasion, 

and proliferation through activation of Runt-related transcription factor 2 (RUNX2) (605).  

TRIM21 negatively regulates SET7/9 through ubiquitination, leading to its proteasomal 

degradation (605).  Additionally, TRIM21 was shown to interact with Snail, a regulator of 

epithelial-mesenchymal transition (EMT) (604). Depletion of TRIM21 expression decreases 

Snail ubiquitination, promoting migration and invasion of MCF7 and T47D cells (604). 

TRIM21 interacted with and acted as an E3 ligase for Sal-like 4 (SALL4), a pro-cancerous 

transcription factor, leading to its degradation and suppressing breast cancer cell 

proliferation and migration (606). 

 

5.1.2 TRIM21 behaves as tumour promotor 

In colon and pancreatic cancers, TRIM21 is reported to act as a tumour promoter, through 

its interaction with partitioning defective 4 (Par-4), a protein known to induce apoptosis 

(607). TRIM21 interaction with Par-4, lead to decreased sensitivity to cisplatin treatment, a 

commonly used chemotherapy drug, suggesting that TRIM21 might contribute to cisplatin 

resistance in these cancers (607). Similarly, in gliomas, TRIM21 expression was elevated, 

and this correlated with poorer patient outcomes (608). Mechanistically, TRIM21 promoted 

tumour cell proliferation by suppressing the p53- p21Waf1/Cip1 pathway, a key pathway 

involved in cell cycle arrest and DNA repair (608). Additionally, it increased drug resistance 

in glioma cells (608). Bioinformatics analysis of thyroid cancer showed that TRIM21 
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overexpression correlated with LN metastasis and promotes cancer cell migration and 

invasion (609). 

 

5.1.3 TRIM21-mediated ubiquitination regulates protein stability, 

localisation, and activity in cancer.  

TRIM21 may directly or indirectly regulate proteins stability through ubiquitination. A new 

study showed that Yes Associated Protein (YAP), a tumour promoter protein in liver cancer, 

was indirectly regulated by TRIM21 (610). Furthermore, TRIM21 promoted the 

ubiquitination and degradation of MST1 protein, a component of the Hippo pathway, where 

MST1 phosphorylated YAP, leading to cytoplasmic translocation and inactivation (610). 

Degradation of MST1 by TRIM21 resulted in YAP dephosphorylation and translocation to 

the nucleus, which induced cell proliferation and contributed to hepatocellular carcinoma 

(HCC) development (610). In nasopharyngeal carcinoma (NPC), TRIM21 promoted p53 

destabilisation through its interaction with SERPINB5 (611). SERPINB5 recruited TRIM21 to 

interact with GMPS, a protein that stabilises p53 after entering the nucleus (611). However, 

the recruitment of TRIM21 targeted guanosine monophosphate synthetase (GMPS) 

ubiquitination, leading to GMPS degradation and subsequent p53 destabilisation (611).  

In addition to directly or indirectly regulating protein degradation, TRIM21 may influence 

protein stability and activity through a co-regulatory network, which could involve the 

interplay between TRIM21, E3 ligases (612), and DUB proteins (613). TRIM21 was reported 

to coregulate platelet-derived growth factor receptor beta (PDGFRβ) expression in 

cooperation with casitas B-lineage lymphoma (Cbl) family ubiquitin E3 ligases (612). In 

gastrointestinal stromal tumours (GIST), TRIM21 was shown to interact with ACSL4, a 

protein that promotes ferroptosis (613). Low levels of Acyl-CoA synthetase long-chain 

family member 4 (ACSL4) were associated with increase resistance to imatinib treatment 

(613). TRIM21 promoted the K48-linked ubiquitination of ACSL4, leading to its degradation 

by the proteasome (613). USP15, a DUB protein, counteracted this effect by removing K48-

linked ubiquitin from ACSL4 (613), highlighting the interplay between E3 ligases and DUB 

proteins in regulating protein stability. 

TRIM21 could also regulate protein activity and localisation through K63-linked 

ubiquitination (614, 615), beside its ability to mediate degradation via K48 linkage (615). 
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TRIM21 was reported to colocalise with p65, promoting K63-linked ubiquitination, which 

induced p65 interaction with IкB kinase (614). This interaction resulted in the 

phosphorylation and nuclear translocation, activating the NF-кB pathway and promoting 

inflammation in psoriatic epidermis (614). Similarly, TRIM21 promoted the nuclear 

translocation of β-catenin through K63-linked ubiquitination (615). Additionally, TRIM21 

targets T1F1γ, an upstream regulator of β-catenin, for K48-linked ubiquitination, further 

enhancing β-catenin nuclear presence in glioblastoma with hyperactive β-catenin signalling 

(615). These demonstrated TRIM21 as a versatile regulator that could influence protein 

expression, localisation, and activity through different types of ubiquitin linkages. 

 

5.1.4 The interaction of TRIM21 with FOXO1 in primary CLL cells 

Our MS data revealed TRIM21 as a novel interactor of FOXO1 in primary CLL cells. Since we 

were interested in FOXO1 post-translational modification via ubiquitination and 

deubiquitination, we investigated whether depletion of TRIM21 expression would 

modulate FOXO1T24 phosphorylation mediated by BCR activation, total FOXO1 expression, 

subcellular localisation, FOXO1 activity, and its impact on CLL survival. Furthermore, given 

the role of TRIM21 as a tumour suppressor or promotor in various cancers, we explored the 

impact of TRIM21 KD using shRNA on the expression of known tumour suppressor proteins 

including p27Kip1 and PTEN.  

 

 

5.2 Specific aims 

I. Validate the interaction between TRIM21 and FOXO1 by co-IP assay. 

II. Explore a potential interaction between TRIM21 and DUB proteins, particularly 

USP7 and USP9x. 

III. Investigate the expression levels of TRIM21 in primary CLL cells and cell lines. 

IV. Examine the role of shRNA depleted TRIM21 expression on modulating FOXO1 

expression, subcellular localisation, and activity.  

V. Investigate whether TRIM21 poses as a tumour suppressor or promotor in CLL cells. 
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5.3 Results 

 

5.3.1 Global profiling of FOXO1 protein interaction in unstimulated and 

F(ab')2 stimulated CLL patient samples 

Co-IP identified USP7 as a protein directly interacting with FOXO1 in MEC1 and primary CLL 

cells. In this chapter, we employed MS for a global analysis of FOXO1 interacting proteins 

comparing unstimulated with BCR stimulation in primary CLL cells. Therefore, following 

stimulation, FOXO1 was co-immunoprecipitated, and the isolated FOXO1 complexes were 

then processed using Nanoflow HPLC Electrospray Tandem MS (nLC-ESI-MS/MS) with a TMT 

system (Figure 5.2a). The proteomics data were analysed using the Swissport database to 

identify peptide sequences. While USP7 was not identified among the proteins co-

immunoprecipitating with FOXO1 in these experiments, the data revealed a significant 

increase in the interaction between FOXO1 and signalling transduction proteins 14-3-3γ and 

14-3-3ζ upon BCR stimulation (Figure 5.2b & c). The increased interaction between 14-3-3 

and FOXO1 proteins, served as a positive indicator of BCR activation (344, 567).  Similarly, 

the interaction with prohibitin 1 (PHB1), involved in mitochondrial function and cell cycle 

regulation (616, 617), showed a trend towards an increase upon BCR stimulation (p = 

0.054), while prohibitin 2 (PHB2) interaction remained largely unchanged (Figure 5.2b & c). 

Conversely, the data showed a significant reduction in the interaction between FOXO1 and 

interleukin-16 (IL-16) upon BCR stimulation (Figure 5.2b & c). The interaction with 

ribosomal protein L28 (RPL28), a component of the large ribosomal subunit (618), also 

showed a trend towards downregulation (p = 0.059; Figure 5.2b & c). Notably, the majority 

of identified FOXO1 interactors, including the E3 ligase TRIM21, remained relatively stable 

regardless of BCR stimulation (Figure 5.2b & d) and (Table S5.1). The top ten functional 

enrichments of the identified FOXO1 interactors were analysed using the g: Profiler 

database. This analysis demonstrated that the enriched categories included cellular 

components (particularly cytoplasmic), biological processes (including cytoplasmic 

translation), and molecular functions (including RNA binding) (Figure 5.2e).  
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Figure 5.2: Global analysis of FOXO1 protein interaction upon BCR stimulation with F(ab')2 
fragment in primary CLL samples.  
(a) An illustration of CLL sample preparation for MS analysis. The CLL patient samples (CLL151, 
CLL173 and CLL196; n = 3) were cultured overnight on RPMI complete media, then stimulated with 
F(ab')2 fragments (10 ng/mL) for 0.5 hr or unstimulated. FOXO1 co-IP were performed to isolate 
FOXO1 protein including IgG control. The samples were processed by Nanoflow HPLC Electrospray 
Tandem MS (nLC-ESI-MS/MS) with a Tandem Mass Tag (TMT) system and 70 proteins were identified 
as interactor of FOXO1 co-IP. (b) The proteomics data were analysed using the Swissport database 
to identify peptide sequences and sorted according to the highest peptide spectrum match (PSM). 
BCR crosslinking with F(ab')2 increased proteins (purple) interaction with FOXO1 protein (green), B. 
BCR crosslinking with F(ab')2 reduced proteins (blue) interaction with FOXO1 protein (green), and C. 
BCR crosslinking with F(ab')2 unaffected proteins (beige) interaction with FOXO1 protein (green). (c) 
Statistical analysis of BCR crosslinking increased (purple bar) or reduced (blue bar) protein 
interaction with FOXO1 protein, compared with unstimulated (US; black bar). (d) Statistical analysis 
of FOXO1-TRIM21 interaction upon BCR crosslinking, where unstimulated (US; black bar) and F(ab')2 
stimulated (beige bar). The interaction levels of proteins in vehicle were used to calculate the 
relative interactor levels for (c) & (d). Each dot represented an individual datapoint. Data expressed 
as the mean ± SD. Statistics calculated by paired t-test; * p ≤ 0.05. (e) The top ten functional 
enrichment of FOXO1 protein-protein interactors (619).  
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5.3.2 TRIM21 co-immunoprecipitated with FOXO1 and USP7 in MEC1 and 

primary CLL cells 

It has been reported that FOXO1 is post-translationally modified by ubiquitination through 

E3 ligases including MDM2 and SKP2, which induce FOXO1 proteasomal degradation (478, 

573). Therefore, we became interested in exploring potential interaction between TRIM21 

and FOXO1 protein. To validate the potential interaction between FOXO1 and TRIM21 

suggested by our MS data (Table S5.1), we performed a FOXO1 IP on MEC1 and primary CLL 

cell lysates, with IgG as a control (Figure 5.3a-d). While TRIM21 co-IP with FOXO1 was 

observed in MEC1 cells, this interaction was not statistical significance compared to the IgG 

control (Figure 5.3a & b). Of note, TRIM21 co-immunoprecipitated with FOXO1 in primary 

CLL cells, with a statistically significant difference compared to the IgG control (Figure 5.3c 

& d). These findings validated the MS data and suggested an interaction between FOXO1 

and TRIM21 in primary CLL cells. 

Our co-IP experiments suggested an interaction between FOXO1 and USP7. However, this 

interaction was not observed in our subsequent MS analysis. Since USP7 is known to 

stabilise the E3 ligase MDM2 (620), we asked whether DUB proteins, particularly USP7 and 

USP9x, might interact with TRIM21 in MEC1 cells. USP7 and USP9x co-immunoprecipitated 

from MEC1 cell lysate, with IgG as a control (Figure 5.3 e-h). The data demonstrated that 

TRIM21 significantly co-immunoprecipitated with USP7 but not USP9x in MEC1 cells 

compared to the IgG control (p=0.2; Figure 5.3e-h). These findings suggested a particular 

interaction between the DUB protein USP7 and TRIM21 in MEC1 cells, but not with USP9x. 

It is important to note that the USP7-TRIM21 or USP9x-TRIM21 interactions were not 

assessed in primary CLL cells. 
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Figure 5.3: TRIM21 interaction with FOXO1 in MEC1 and primary CLL cells.  
(a) Representative Western blot of FOXO1 co-IP in MEC1 cells probed for FOXO1 and TRIM21. The 
relative levels of proteins pulled down in FOXO1 co-IP compared to (b) IgG control (black bar) for 
TRIM21 (beige bar; n = 5). (c) Representative Western blot of FOXO1 co-IP in primary CLL201 cells 
probed FOXO1 and TRIM21. The relative levels of proteins pulled down in FOXO1 Co-IP compared 
to (d) IgG control (black bar) for TRIM21 (beige bar; n = 3). (e) Representative Western blot of USP7 
co-IP in MEC1 cells probed for USP7 and TRIM21. The relative levels of proteins pulled down in USP7 
co-IP compared to (f) IgG control (black bar) for TRIM21 (beige bar; n = 4). (g) Representative 
Western blot of USP9x co-IP in MEC1 cells probed for USP9x and TRIM21. The relative levels of 
proteins pulled down in USP9x co-IP compared to (h) IgG control (black bar) for TRIM21 (beige bar; 
n = 4). co-IP and whole cell lysate (Input) samples were probed for FOXO1, USP7, USP9x, TRIM21 
and β-ACTIN (loading control for input). The expression levels of proteins in vehicle were used to 
calculate the relative protein expression levels. Each dot represented an individual datapoint. Data 
expressed as the mean ± SEM. Statistics calculated by paired t-test; * p ≤ 0.05, ** p ≤ 0.01. 

 

5.3.3 TRIM21 protein expression was independent of BCR activity in primary 

CLL cells  

Our MS data in section 5.3.1 revealed that BCR crosslinking with F(ab')2 fragments did not 

affect the interaction between TRIM21 and FOXO1. Furthermore, it has been reported that 

PI3K/AKT/mTORC2 axis negatively regulate the transcription and protein levels of TRIM21 

in prostate cancer PC3 cells (621). This prompted us to investigate whether BCR stimulation 

regulates TRIM21 expression. We stimulated primary CLL cells with F(ab')2 fragments from 

0.5 – 24 hr and analysed the protein expression (Figure 5.4a). The data showed that TRIM21 



   
 

  221 

protein levels remained unchanged compared to the unstimulated control throughout the 

different time points (Figure 5.4b). This finding may indicate that BCR stimulation does not 

significantly alter TRIM21 expression (Figure 5.2b & d). 

 

Figure 5.4: TRIM21 expression is not regulated by BCR activity in primary CLL cells.  
(a) Representative Western blot of primary CLL sample (CLL140), unstimulated (US; -) or stimulated 
(+) with F(ab')2 fragments (10 ng/mL) for the indicated timepoints (hour; hr), (0.5 – 24 hr). The blot 
was probed for TRIM21 and β-ACTIN (loading control). Relative protein expression of (b) TRIM21, 
between unstimulated (US = black bar; n = 4) and F(ab')2 stimulated for (0.5 hr = pink bar; n = 4), (1 
hr = navy bar; n = 4), (2 hr = purple bar; n = 4), (4 hr = light purple bar; n = 3), (8 hr = blue bar; n = 
3), (24 hr = oil green bar; n = 4). TRIM21 expression is expressed relative to loading control β-ACTIN. 
The mean expression level of TRIM21 in US is used to calculate the relative protein expression levels 
of US and F(ab')2 stimulated timepoints. Each dot represents an individual datapoint. Data expressed 
as the mean ± SEM. Statistics calculated by One-way ANOVA, Dunnett test (b). 

 

5.3.4 TRIM21 expression levels are similar in ex-vivo PB-derived CLL cells and 

CD19+ B-cells from healthy donors 

Studies have revealed a complex role for the TRIM21 protein in cancer. In DLBCL patients, 

low TRIM21 expression correlated with poor prognosis and survival, regardless of the 

disease subtype or treatment regimen (600). Similarly, in ovarian cancer, TRIM21 expression 

is higher in healthy tissues, and overexpression of TRIM21 restricted migration, inhibited 

apoptosis, and cell cycle progression (602), suggesting a tumour suppressor function for 

TRIM21. Conversely, in glioma, high levels of TRIM21 protein were associated with a worse 

clinical outcome, including lower survival rates and increased resistance to temozolomide 

treatment (608), suggesting a tumour promotor function for TRIM21.  

To investigate TRIM21 function in CLL, we initially examined its expression in CLL cells. The 

Western blot analysis revealed similar levels of TRIM21 protein in ex-vivo PB-derived CLL 

cells compared to CD19+ B-cells from healthy donors (Figure 5.5a & b). Furthermore, 
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stratifying CLL patients based on cytogenetic abnormalities between patients with 

undetectable abnormalities and patients harbouring 11q/17p alone or together, did not 

reveal significant differences in TRIM21 expression (Figure 5.5a & c). Interestingly, TRIM21 

protein levels were higher in the HG-3 cell line, which resembles a favourable prognosis, 

compared to the MEC1 cells (Figure 5.5d & e). We further investigated whether ibrutinib 

treatment of CLL patients affects TRIM21 expression. Our data revealed a slight but 

significant increase in TRIM21 protein levels in CLL patients following ibrutinib treatment 

(Figure 5.5f & g). These findings may suggest a potential tumour suppressor role for TRIM21 

in CLL.  

 

Figure 5.5: Similar expression levels of TRIM21 in ex-vivo CLL cells and CD19+ B-cells from 
healthy donors.  
(a) Representative Western blot to assess protein expression of ex-vivo PB-CLL cells compared with 
healthy CD19+ cells from healthy donors, probed for TRIM21 and β-ACTIN (loading control). (b) 
Relative protein expression of TRIM21 between B-cell from healthy donors (Healthy CD19+; black 
bars; n = 6) and CLL patient samples (CLL; beige bar; n = 19). Assessing protein expression levels of 
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(c) TRIM21 expression in CLL patient samples stratified by cytogenetic abnormalities (normal; no 
11q(del)/ 17p(del) = blue bar), and (11q(del)/ 17p(del) = purple bar); either one or both cytogenetics 
abnormalities were detected. (d) Representative Western blot to assess protein expression of MEC1 
cells (n = 4) compared with HG-3 cells (n = 4), probed for TRIM21 and β-ACTIN (loading control). 
Relative protein expression of (e) TRIM21, between MEC1 cells (MEC1; blue bars; n = 4) and HG-3 
cells (HG-3 = beige bar; n = 4). (f) Representative Western blot of ex-vivo PB-derived CLL patient 
samples to assess protein expression of pre-ibrutinib treatment (pre-treatment) compared with 
three months post-ibrutinib patient samples (CLL009, CLL151, CLL173, CLL198), probed for TRIM21 
and β-ACTIN (loading control). Relative protein expression of (g) TRIM21, between pre-ibrutinib 
(pre-IBR = green bar; n = 4) and three months post-ibrutinib (post-IBR = pink bar; n =4). Samples 
were normalised to loading control. The mean expression levels of proteins were used to calculate 
relative to protein expression vehicle control. Each dot represented an individual datapoint. Data 
expressed as the mean ± SEM. Statistics calculated by unpaired t-test (b, c, e, g); ** p ≤ 0.01. 

 

5.3.5 shRNA mediated KD of TRIM21 in MEC1 cells 

To investigate the functional relationship between TRIM21 and FOXO1, we aimed to 

knockdown TRIM21 expression and assess its impact on FOXO1 protein levels, subcellular 

localisation, and activity in MEC1 cells. We evaluated three different shRNA constructs 

targeting different regions of the TRIM21 transcript alongside a SCR shRNA control. TRIM21 

KD was confirmed by evaluating both transcript abundance and protein levels. All 

constructs effectively reduced TRIM21 mRNA levels compared to SCR control (TRIM21-45 

(0.5%), TRIM21-48 (0.48%), TRIM21-3986 (0.48%); Figure 5.6a). Western blot analysis 

revealed that the TRIM21-48 construct (0.38%) most efficiently reduced protein expression, 

followed by TRIM21-3986 (0.78%). TRIM21-45 did not reduce protein levels compared to 

SCR control (Figure 5.6b & c). Therefore, we selected the TRIM21-48 construct for further 

experiments due to its KD efficiency at both the mRNA and protein levels. 

 

Figure 5.6: TRIM21 shRNA KD in MEC1 cells.  
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(a) RT-qPCR to assess transcription levels of TRIM21 (TRIM21-45 knockdown; KD = blue bar; n = 1), 
(TRIM21-48 = orange bar; n = 1), and (TRIM21-3986 = light green bar; n = 1) shRNA-mediated KD of 
MEC1 cells transduced with shRNA constructs compared to SCR (black bar; n = 1) control. The ΔΔCT 

method was used to calculate transcription levels: samples were normalised to the housekeeping 
gene B2M and made relative to SCR control. (b) Representative Western blot of MEC1 transduced 
with shRNA-TRIM21-45, 48, 3986 and SCR control. The blots were probed with TRIM21 and GAPDH 
(loading control). (c) Relative protein levels of TRIM21 (TRIM21-45 KD = blue bar; n = 1), (TRIM21-
48 = orange bar; n = 1), and (TRIM21-3986 = light green bar; n = 1) between TRIM21 KD MEC1 cells 
and SCR MEC1 cells. The mean expression levels of proteins in SCR were used to calculate the 
relative protein expression levels.  

 

5.3.6 TRIM21 KD reduced total FOXO1 expression in MEC1 cells. 

We investigated the functional relationship between TRIM21 and FOXO1 in MEC1 cells using 

TRIM21-48 shRNA KD. While the AKT/FOXO1 signalling axis was not affected by TRIM21 KD, 

as evidenced by unchanged levels of p-AKTS473, total AKT, and p-FOXO1T24 in both KD and 

SCR control cells (Figure 5.7a-d), total FOXO1 protein levels were significantly reduced in 

TRIM21 KD cells compared to the control (Figure 5.7a & e). 

Since our previous results (Section 5.3.2) suggested a potential interaction between TRIM21 

and USP7, we examined DUB proteins expression levels following TRIM21 KD. The data 

showed a significant upregulation of USP7 and USP9x in TRIM21 KD cells compared to the 

SCR control, while USP8 and USP10 expression remained unaffected (Figure 5.7a, f-i). 

Notably, all BIM isoforms (BIMEL, BIML, and BIMS) exhibited a significant increase in protein 

expression upon TRIM21 KD (Figure 5.7a, g-l), whereas MCL1 protein levels remained 

unchanged (Figure 5.7a, m). p21Waf1/Cip1 protein expression was not affected by TRIM21 KD 

in MEC1 cells, unlike what has been reported in ovarian cancer cell lines (602) (Figure 5.7a, 

n). Conversely, p27Kip1 and PTEN protein levels were significantly increased upon TRIM21 

KD compared to SCR control (Figure 5.7a, o, p).  
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Figure 5.7: TRIM21 KD significantly reduced total FOXO1 expression in MEC1 cells.  
(a) Representative Western blot of MEC1 transduced with shRNA construct of TRIM21-48 
knockdown (KD) or scrambled (SCR) control. The blots were probed with p-AKTS473, AKT, p-FOXO1T24, 
FOXO1, USP7, USP8, USP9x, USP10, BIM (EL, L, S), MCL1, p21Waf1/Cip1, p27Kip1, PTEN, and β-ACTIN 
(loading control; #1 and #2 representing mirror blots). Relative proteins expression of (b) p-AKTS473, 
(c) AKT, (d) p-FOXO1T24, (e) FOXO1, (f) USP7, (g) USP8, (h) USP9x, (i) USP10, (g) BIMEL, (k) BIML, (l) 
BIMS, (m) MCL1, (n) p21Waf1/Cip1, (o) p27Kip1

, and (p) PTEN, transduced with TRIM21 shRNA (orange 
bars) or SCR control (black bars). The mean expression levels of proteins in SCR vehicle were used 
to calculate the relative protein expression levels. Each dot represented an individual datapoint. 
Data expressed as the mean ± SEM. Statistics calculated by paired t-test; * p ≤ 0.05, ** p ≤ 0.01, *** 
p ≤ 0.001, **** p ≤ 0.0001. 
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5.3.7 TRIM21 KD visibly reduced nuclear FOXO1 localisation in MEC1 cells 

Our previous findings showed that TRIM21 KD reduced total FOXO1 protein levels without 

affecting AKT-mediated phosphorylation of FOXO1 (Section 5.3.6). Since FOXO1 activity is 

regulated by its subcellular localisation, we investigated whether TRIM21 KD alters FOXO1 

subcellular localisation in MEC1 cells. The data revealed that TRIM21 is primarily located in 

the cytoplasm (Figure 5.8a). Interestingly, there was a visible trend towards reduced nuclear 

FOXO1 levels in TRIM21 KD cells compared to SCR control, although this difference did not 

reach statistical significance (Figure 5.8a & b). Ibrutinib treatment, which promoted nuclear 

translocation of FOXO1 in SCR control, appeared to be less effective in upregulating nuclear 

FOXO1 in TRIM21 KD cells. Cytoplasmic FOXO1 levels were similar between TRIM21 KD and 

SCR control cells. However, ibrutinib treatment visibly less effective in reducing cytoplasmic 

FOXO1 in TRIM21 KD cells compared to SCR control (Figure 5.8a, c). Despite the slight but 

significant increase in USP7 and USP9x protein expression upon TRIM21 KD (Section 5.3.6), 

their subcellular localisations were similar to SCR control (Figure 5.8a, d-g). 

 

Figure 5.8: TRIM21 KD reduces FOXO1 nuclear localisation in MEC1 cells.  
(a) Representative Western blot of subcellular fractionation of MEC1 transduced with shRNA 
TRIM21-48 or SCR control cells, both treated with ibrutinib (IBR; 1 μM), or no drug control 
(NDC/DMSO). Following 1 hr treatment as describe in (a), shRNA TRIM21-48 Knockdown (KD) MEC1 
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and scrambled (SCR) cells (n = 3) were fractionated into cytoplasmic, nuclear, and whole cell lysate 
(WCL). The blots were probed for TRIM21, FOXO1, USP7, USP9x, Lamin A/C (nuclear loading 
control), and GAPDH (cytoplasmic loading control). Relative protein expression of (b) nuclear 
FOXO1, (c) cytoplasmic FOXO1, (d) nuclear USP7, (e) cytoplasmic USP7, (f) nuclear USP9x, and (g) 
cytoplasmic USP9x between TRIM21 KD MEC1 cells (orange bars) and SCR control (black bars), 
treated as described in (a). Nuclear and cytoplasmic fractions were normalised to loading controls 
(Lamin A/C and GAPDH, respectively). The mean expression levels of proteins in SCR vehicle were 
used to calculate the relative protein expression levels for TRIM21-48 KD and SCR MEC1 cells. Each 
dot represented an individual datapoint. Data expressed as the mean ± SEM. Statistics calculated by 
One-way ANOVA, Tukey test. 

 

5.3.8 FOXO1 activity was reduced by TRIM21 KD 

Our previous findings showed that TRIM21 KD in MEC1 cells reduced total FOXO1 protein 

and its nuclear localisation (Section 5.3.7). To investigate whether this reduction affects 

FOXO1 activity, we assessed FOXO1 DNA binding activity using nuclear fractions and the 

TransAM transcription factor activation assay. The data revealed that TRIM21 KD decreased 

FOXO1 DNA binding activity compared to the SCR control (p = 0.0503; Figure 5.9a). 

Since TRIM21 interaction with FOXO1 led to a reduction in FOXO1 activity, we asked 

whether this might impact cell viability and proliferation in MEC1 cells. We cultured SCR 

control and TRIM21 KD MEC1 cells for 72 hr, followed by staining with Annexin V/7-AAD for 

apoptosis analysis and with CTV/apoptosis stains for proliferation analysis. Our results 

demonstrated a slight but consistent trend towards increased cell viability in TRIM21 KD 

cells compared to SCR control (Figure 5.9b). Interestingly, the proliferation rate of TRIM21 

KD cells exhibited a visible increase compared to the control (Figure 5.9c). These findings 

suggest that TRIM21 KD might promote cell survival and proliferation in MEC1 cells, 

potentially by reducing FOXO1 tumour suppressive activity. 
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Figure 5.9: Reduced FOXO1 activity mediated by TRIM21 KD may promote MEC1 cell 
survival.  
(a) Nuclear fractions were generated by subcellular fractionation and the TransAM FOXO1 activity 
assay was used to determine FOXO1 DNA-binding activity. FOXO1 activity in MEC1 transduced with 
shRNA construct TRIM21-48 (orange bar; n = 3) or SCR (black bars) cells. (b) Representative FACS 
dot plots are shown MEC1 cells stained with Annexin V and 7-AAD to evaluate cell viability of 
TRIM21-48 knockdown (KD) and scrambled (SCR) following 72 hr incubation in liquid culture. MEC1 
cells were transduced with shRNA construct TRIM21-48 (oil orange bars; n = 2) or SCR control (black 
bars). Viability is defined as Annexin V negative and 7-AAD/DAPI negative. Percentage viable cells 
for each condition are relative to SCR. (c) Representative FACS histogram presenting fluorescence of 
CTV. Cells were stained with CTV to evaluate cell proliferation of TRIM21-48 KD and SCR, following 
72 hr incubation in liquid culture. A vertical line denotes the peak of the NDC histogram. Geometric 
means for each condition are relative to SCR vehicle. Each dot represented an individual datapoint. 
Data expressed as the mean ± SEM. Statistics calculated by paired t-test (a). 
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5.4 Discussion 

Our study explored the post-translational regulation of FOXO1. We observed that BCR 

crosslinking rapidly upregulated p-FOXO1T24, and total FOXO1 via mTORC2/AKT axis in 

primary CLL cells. This upregulation was transient, sustaining for 2 hr upon stimulation, and 

was specific to protein levels, with no impact on FOXO1 transcription levels. These findings 

suggested a potential role for protein ubiquitination and deubiquitination in regulating 

FOXO1 upon BCR activation. While our data demonstrated an interaction between FOXO1 

and USP7, it was not identified in our subsequent MS analysis. However, the MS data 

identified TRIM21 as a novel protein interactor of FOXO1 protein in primary CLL cells. 

Interestingly, while TRIM21 expression levels were similar in primary CLL cells and CD19+ B-

cells from healthy donors, TRIM21 levels were higher in post-ibrutinib treated patient CLL 

samples. We further investigated the functional role of TRIM21 interaction with FOXO1 

protein in CLL cells by generating a TRIM21 KD in MEC1. This reduced total FOXO1 protein 

expression without affecting its phosphorylation levels. Additionally, TRIM21 KD led to a 

reduction in nuclear FOXO1, and a downregulation of FOXO1 DNA binding activity. This 

reduction in FOXO1 activity through TRIM21 depletion resulted in a trend towards 

increased MEC1 cell viability and proliferation in MEC1 cells. These results suggest that the 

interaction between TRIM21 and FOXO1 stabilises total FOXO1 expression, mediates FOXO1 

nuclear localisation, and subsequently increases FOXO1 activity, leading to cell cycle arrest 

and apoptosis.    

 

5.4.1 TRIM21 interaction with FOXO1 and DUB proteins in primary CLL and 

MEC1 cells. 

TRIM21, an intracellular Fc receptor, binds IgG antibodies with high affinity (622). Hsu and 

Yu (623) suggested that TRIM21 high affinity to IgG antibodies may lead to potential false-

positive co-precipitation during co-IP experiments. In our study, TRIM21 co-IP 

demonstrated the interaction of FOXO1 and USP9x with TRIM21 co-IP in MEC1 cells were 

not statistically significant compared to IgG controls. This potentially reflects TRIM21 non-

specific binding to IgG control. Interestingly, TRIM21 KD reduced FOXO1 protein levels and 

significantly increased USP9x expression, suggesting a potential role for TRIM21 in 

regulating these proteins, either directly or indirectly (610). This observed regulation of 
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FOXO1 and USP9x further strengthened the possibility of interactions between TRIM21 and 

these proteins. However, in primary CLL cells, our data revealed significant co-IP of TRIM21 

with FOXO1. This discrepancy between MEC1 and CLL cells could be due to CLL-prognostic 

factors, as higher TRIM21 levels have been associated with favourable prognosis and lower 

proliferation in DLBCL cells (600). This aligned with our findings of higher TRIM21 expression 

in HG-3 cells and post-ibrutinib treated CLL patient samples. Additionally, TRIM21 KD led to 

slight upregulation of USP7 protein expression, and clear co-precipitation of TRIM21 with 

USP7 compared to IgG control, supporting a potential interaction. This may indicate a role 

for TRIM21 in regulating USP7 stability and its interplay with USP7 in modulating FOXO1 

activity in CLL cells. 

To address the limitations of TRIM21 IgG binding in co-IP experiments, future studies could 

utilise TRIM21 with a mutated PRY/SPRY domain with lower IgG affinity (624). Alternatively, 

performing a reverse co-IP by immunoprecipitating TRIM21 and verifying co-precipitation 

of FOXO1, USP7, and USP9x, could further strengthen the evidence for these interactions. 

 

5.4.2 TRIM21 KD downregulated FOXO1 expression, nuclear translocation, 

and activity in MEC1 cells 

Cheng, Huang (621) reported that overexpression of AKT and its constitutively activated 

forms (T308/S473) suppressed TRIM21 expression at the mRNA and protein levels in 

HEK293T cells. Furthermore, treating PTEN-deficient prostate cancer PC3 cells with dual 

PI3K/mTOR inhibitors (PKI-587 and GDC-0980), or PI3Kα/β/δ inhibitor (BAY1082439) 

increased the expression of TRIM21 at both mRNA and protein levels, while mTORC1 

inhibitor (rapamycin) demonstrated no impact on the expression TRIM21 (586). This 

suggests that PI3K/AKT/mTORC2 signalling supresses TRIM21 expression. Our data 

demonstrated that F(ab')2 stimulation largely did not affect TRIM21 expression levels in 

most patient samples. However, a number of patient samples exhibited a transient 

decrease in TRIM21 levels, mirroring our previous observation of transient FOXO1 

phosphorylation, cytoplasmic translocation, and inactivation upon BCR activity. 

Interestingly, TRIM21 KD led to decreased FOXO1 protein levels, with a depletion of nuclear 

FOXO1 and reduced activity. This suggests the PI3K/AKT pathway might inactivate FOXO1 

by phosphorylation along with regulation of TRIM21 expression in CLL cells. We speculated 

that TRIM21, acting as an E3 ligase with its RING domain, promotes FOXO1 nuclear 
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translocation through monoubiquitination (597, 613, 615), a ubiquitination that facilitates 

functional modification of proteins rather than degradation (625). Supporting this, ibrutinib 

treatment increased the nuclear FOXO1 pool in SCR control, but this effect was reduced in 

TRIM21 KD cells. This suggests that TRIM21 KD impaired FOXO1 nuclear translocation, 

contributing to the observed reduction in FOXO1 activity. Furthermore, TRIM21 depletion 

increased USP7 expression, which may stabilise E3 ligases like MDM2 and SKP2 (478, 573). 

These E3 ligases could target cytoplasmic FOXO1 for degradation, preventing its nuclear 

entry and reducing its ability to bind DNA and regulate its target genes. However, further 

experiments are required to validate our speculations including a co-IP experiment to pull 

down FOXO1 protein from TRIM21 KD cells and SCR control. This experiment would 

determine if TRIM21 interaction with FOXO1 leads to ubiquitination involving K48 or K63 

linkages. Furthermore, examining FOXO1 target genes by RT-qPCR would strengthen the 

evidence of reduced FOXO1 activity due to TRIM21 KD in MEC1 cells. Overexpression of 

TRIM21 would also determine if FOXO1-TRIM21 interaction directly affects FOXO1 activity. 

Immunohistochemistry experiments could validate changes in FOXO1 subcellular 

localisation upon TRIM21 KD. Furthermore, FOXO1 KD or transfection with constitutively 

activated FOXO1 form (FOXO1-AAA) could clarify if the observed effects on cell viability and 

proliferation are indeed driven by reduced FOXO1 activity (626). The F(ab')2 stimulation time 

course was based on a small number of patient samples showing transient TRIM21 

decrease upon BCR stimulation. Since CLL is a heterogenous disease (627), a larger sample 

number would be required to determine whether PI3K/AKT signalling pathway negatively 

regulate TRIM21 transcription and protein levels in CLL cells. Considering the doubling time 

of MEC1 cells (40 hr) and the possibility of delayed effects (485), extending the cell viability 

and proliferation experiments to 120 hr might be beneficial for observing a clearer impact 

of TRIM21 KD.  

 

5.4.3 TRIM21 exhibited a dual role as tumour suppressor/promotor in CLL 

cells. 

TRIM21 has been implicated in various cancers, exhibiting both tumour-suppressive and 

tumour-promoting properties. Studies have shown its tumour-suppressive function in 

DLBCL, RCC, OC, GC, and breast Cancer (600-606). However, other studies suggested a 
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tumour-promoting role in colon cancer, pancreatic cancer, gliomas, and thyroid cancer (607-

609). 

Our data added to this complexity. We observed higher TRIM21 expression in the 

favourable prognosis HG-3 cell line and in CLL patient samples treated with ibrutinib, 

suggesting a potential tumour-suppressive role.  Furthermore, TRIM21 KD in MEC1 cells 

resulted in decreased expression and activity of FOXO1, an established tumour suppressor 

(399, 412, 501). Additionally, TRIM21 KD led to increase cell viability and proliferation, 

further supporting a tumour-suppressive function. However, our findings also revealed a 

potential tumour-promoting aspect of TRIM21. TRIM21 KD upregulated expression of 

known tumour suppressor proteins including BIM, PTEN, and p27Kip1 (400, 507, 510). This 

was consistent with previous reported study showing TRIM21 formation of complexes with 

SKP1, SKP2, and Cul1 to promote ubiquitination and degradation of phosphorylated p27Kip1 

(588). Therefore, TRIM21 modulation of FOXO1 through ubiquitination may further 

enhance FOXO1 anti-tumour activity and triggering cell cycle arrest and apoptosis of CLL 

cells.    
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Chapter 6. General Discussion and Conclusions 

Although much is known about FOXO1 post-translational modification through 

phosphorylation, particularly mediated by the PI3K/AKT axis downstream of the BCR in CLL 

cells, the role of DUB proteins in modulating FOXO1 activity downstream of the PI3K/AKT 

pathway has not been fully investigated in CLL. Given the reported multifaceted role of 

FOXO1 in a context- and tissue-dependent manner and the fact that inhibition of the 

PI3K/AKT pathway induces FOXO1 tumour-suppressor activity, it was anticipated that the 

regulation of FOXO1 downstream of the PI3K/AKT pathway is the context in which FOXO1 

acts as a tumour suppressor in CLL cells. Therefore, this thesis investigated the role of BCR-

dependent phosphorylation and inactivation of FOXO1, as well as the role of DUB proteins 

in modulating FOXO1 expression, transcriptional activity, and subcellular localisation. 

The presented data demonstrated that FOXO1 expression was upregulated at both the 

mRNA and protein levels, without a clear association with poor prognostic factors in CLL, 

including cytogenetic aberrations del(11q) and del(17p) or advanced Binet stages. 

Interestingly, the activity of the BCR signalling pathway was lower in PB-derived CLL cells 

compared to healthy B-cells, as indicated by the low phosphorylation of AKTS473 and 

FOXO1T24. This further confirms the importance of BCR signalling for CLL cells and their high 

reliance on BCR activity for their survival. In agreement with previously published studies, 

we showed that FOXO1 is an effector of BCR crosslinking in vitro, promoting FOXO1 

inactivation and nuclear exclusion through PI3K/AKT-dependent phosphorylation of FOXO1 

(412, 543). This was further confirmed using the BTK inhibitor ibrutinib, which restored 

FOXO1 nuclear localisation, and subsequently increased FOXO1 DNA binding and 

transcriptional activities, as indicated by the modulation of FOXO target genes, including 

the upregulation of BBC3 and the downregulation of CCND2. These findings suggest that 

FOXO1 tumour-suppressive activity is indeed inhibited by BCR-mediated phosphorylation 

and that FOXO1 acts as a tumour suppressor in CLL cells in this context. Furthermore, the 

levels of both phosphorylated and total FOXO1 protein were transiently upregulated upon 

BCR crosslinking, peaking at 0.5 hr and sustaining up to 2 hr. This transient upregulation of 

total FOXO1 was specific to the protein level, as FOXO1 mRNA level did not change. Given 

that PI3K/AKT-mediated phosphorylation of FOXO1 has been reported to promote FOXO1 

nuclear exclusion and subsequent proteasomal degradation (347) we hypothesised that 
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this transient upregulation of total FOXO1 upon BCR crosslinking might be regulated by 

post-translational modifications involving the UPS pathway, particularly DUB proteins. 

The STRING database revealed a direct co-expression between USP7 and FOXO1, as well as 

identifying several other DUBs, including USP9x, that may indirectly modulate FOXO1. In 

agreement with previously published data (425, 459, 460), DUB protein expression in 

patient CLL cells were largely upregulated, including the expression of USP7 and USP9x. 

FOXO1 interacted with USP7 in primary CLL cells and cell lines. While FOXO1-USP7 

interaction was largely unaffected by BCR crosslinking, inhibition with ibrutinib increased 

this interaction. This suggests that the PI3K/AKT pathway may play a role beyond 

modulating FOXO1 phosphorylation, potentially include modulation of FOXO1 interaction 

with DUB proteins. Interestingly, our data showed that BCR signalling had no impact on the 

expression or subcellular localisation of USP7 and USP9x, raising the question of whether 

inhibiting DUB enzymatic activity would affect the PI3K/AKT signalling pathway and its 

mediated phosphorylation of FOXO1. Treating CLL cells with the pan-DUB inhibitor PR-619 

downregulated AKTS473 and FOXO1T24 phosphorylation. However, USP7 inhibitors (P5091 

and HBX19818) and the USP9x inhibitor (WP1130) demonstrated varying results and were 

largely less effective at inhibiting the PI3K/AKT pathway and subsequently FOXO1T24 

phosphorylation. These findings indicate that DUB proteins have a regulatory role in the 

activity of the PI3K/AKT signalling pathway, but the inhibition or KD of an individual DUB 

protein, including USP7 or USP9x, was not sufficient to exert a significant effect on PI3K/AKT 

activity. These DUB inhibitors reduced CLL cell viability while largely sparing healthy B-cells, 

suggesting a stronger reliance on DUB protein activity for CLL survival, which is in 

agreement with previously published data (459). Additionally, the inhibitors induced the 

accumulation of MEC1 cells in the G0/G1 phase but did not have a major effect on cell 

proliferation, in agreement with published data (459). The combination of ibrutinib and 

DUB inhibitors (PR-619, P5091, HBX19818, and WP1130) enhanced CLL cell response to 

ibrutinib, leading to a greater reduction in cell viability, proliferation, and cell cycle 

accumulation at the G0/G1 phase. 

Despite the lack of regulation of DUB inhibitors or DUB KDs on FOXO1 expression, FOXO1 

transcriptional activity was increased in MEC1 cells by the USP7 inhibitor HBX19818 or 

USP7/USP9x KDs, as indicated by the upregulation of FOXO target genes, including CDKN1B 

and BBC3. This effect was further enhanced by the combination of HBX19818 with ibrutinib, 
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aligning with previously published data (477). Furthermore, USP7 or USP9x KD alone or in 

combination with ibrutinib increased FOXO1 DNA binding activity. The nuclear localisation 

of FOXO1 while only modestly regulated by the inhibition of DUB proteins, particularly PR-

619 and HBX19818 was enhanced when combined with ibrutinib, which may explain the 

enhanced regulation of FOXO1 target genes observed with the combination. These 

observations suggest that the reduction of USP7 interaction with FOXO1 through KD may 

facilitate the promotion of FOXO1 to its DNA binding site, resulting in increased FOXO1 

transcriptional activity, which aligns with previously published data (477).  

Our proteome and subsequent co-IP analysis of FOXO1 novel interactors revealed an 

interaction between FOXO1 and the E3 ligase TRIM21, with TRIM21 being predominantly 

cytoplasmic. TRIM21 KD resulted in a reduction of total FOXO1 and FOXO1 nuclear 

localisation. This regulation of FOXO1 might be promoted by TRIM21 monoubiquitination 

of FOXO1, resulting in its nuclear accumulation and promoting FOXO1 DNA binding activity, 

which agrees with previously published studies (360, 477, 628). Furthermore, our data 

hinted that TRIM21 KD increased MEC1 cell viability and proliferation. These findings 

suggest that FOXO1 is a substrate of TRIM21, which plays a role in regulating FOXO1 stability, 

localisation, and activity. Based on the data generated in this thesis, we propose a model 

where phosphorylation of FOXO1 by PI3K/AKT activity and deubiquitination of FOXO1 by 

USP7 lead to nuclear exclusion and reduced FOXO1 DNA binding activity (Figure 6.1). In 

contrast, the combination of ibrutinib and HBX19818 treatments enhance TRIM21-

mediated monoubiquitination of FOXO1 by simultaneously blocking BCR- and USP7-

mediated phosphorylation and deubiquitination of FOXO1, leading to FOXO1 nuclear 

accumulation and increase its transcriptional activity. 
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Figure 6.1: A model illustrating FOXO1 post-translational modification by phosphorylation 
via BCR-crosslinking and ubiquitination/deubiquitination via the UPS E3 ligase TRIM21 
and DUB protein USP7.  
(a) BCR crosslinking activates the PI3K pathway, leading to the phosphorylation of FOXO1 (blue; 
inactive), resulting in nuclear exclusion and a reduction in FOXO1 (red; active) occupancy at its DNA 
binding site. USP7 inhibits FOXO1 (red; active) by removing monoubiquitination, leading to reduced 
FOXO1 (blue; inactive) transcriptional activity. (b) Treatment with the combination of ibrutinib and 
HBX19818 inhibits the BCR activation by reducing the activity of the PI3K pathway leading to FOXO1 
dephosphorylation (blue; inactive). The interaction of TRIM21 in the cytoplasm induces FOXO1 
(blue; inactive) monoubiquitination and subsequently FOXO1 (red; active) nuclear accumulation. 
Inhibition of USP7 with HBX19818 prevents USP7 deubiquitination of monoubiquitinated FOXO1 
(red; active), leading to increased FOXO1 transcriptional activity. 

 

6.1 USP8 potential regulator of PI3K/AKT pathway 

Our data demonstrated that the protein levels of USP8 was overexpressed in CLL cells. 

However, USP8 overexpression was not clearly linked to poor prognostic factors in CLL, 

including del(11q) and del(17p). In a recent combined genomic, transcriptomic, and 

epigenomic analysis of 1,148 CLL patients, USP8 was identified as a novel driver of CLL 

among 109 new candidate genetic drivers (87). Interestingly, USP8 was one of the few driver 

genes (12.3%) that were present in a large majority of U-CLL cells (87). Overexpression of 

USP8 has been reported to be associated with poor prognosis in GC patients by stabilising 

human epidermal growth factor receptor 2 (HER-2), a proto-oncogene, which can both 

directly and indirectly activate the PI3K/AKT pathway (629, 630). Inhibition of USP8 with 
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the USP8 inhibitor (MB7295) resulted in the downregulation of phosphorylated PI3K and 

AKT (629), further indication of USP8 involvement in the regulation of PI3K/AKT activity. In 

non-small cell lung cancer (NSCLC), USP8 inhibition induced cell apoptosis in gefitinib-

resistant cells by suppressing the phosphorylation of STAT3, AKT, and ERK downstream of 

the receptor tyrosine kinase signalling pathway (631). Gefitinib is an FDA-approved 

treatment for NSCLC that reversibly inhibits the tyrosine kinase activity of the epidermal 

GFR (632). In cholangiocarcinoma, the AKT signalling pathway is involved in tumour 

progression, and USP8 KD inhibited cell proliferation and invasion, downregulated the 

phosphorylation of AKT, and upregulated the expression of p53. Conversely, overexpression 

of USP8 increased the activation of the AKT signalling pathway (633). These studies 

demonstrate that USP8 is involved in cell proliferation and invasion in various cancers and 

is a driver of poor prognosis in U-CLL cells, with part of its pro-tumour activity driven by 

USP8 regulation of the PI3K/AKT pathway. To further elucidate the role of USP8 in CLL cells, 

future research could investigate the effects of USP8 inhibition on CLL cell survival and 

proliferation through its potential involvement in the regulation of the PI3K/AKT/FOXO1 

pathway. 

 

6.2 USP10 multifaceted regulation of the PI3K/AKT activity in cancer 

Our data demonstrated that the protein expression of USP10 was overexpressed in CLL cells 

compared to healthy B-cells, independent of cytogenetic abnormalities, including del(11q) 

and del(17p). Interestingly, several studies have indicated a dual role for USP10 as a tumour 

promoter and suppressor in various cancers (634). For instance, USP10 expression was 

reported to be downregulated in NSCLC cell lines and primary tissues, and its re-expression 

was associated with reduced cell viability, proliferation, and migration. This anti-tumour 

activity of USP10 was driven by USP10 deubiquitination of K63-linked polyubiquitinated 

PTEN in the cytoplasm, resulting in PTEN activation and subsequent inhibition of the 

PI3K/AKT signalling pathway (635). Similarly, low levels of USP10 expression were observed 

in hepatocellular carcinoma, and overexpressing USP10 led to inhibition of cell growth by 

stabilising PTEN and subsequently inhibiting the PI3K/AKT/mTOR activity (566). These 

studies indicate that USP10 anti-tumour activity is driven by modulating the activity of the 

PI3K/AKT pathway via PTEN stabilisation. On the other hand, USP10 stabilisation of SKP2 

led to enhanced SKP2 activation of the oncogenic tyrosine kinase BCR::ABL1 fusion, a 
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primary driver of CML, through the degradation of CDK inhibitor p27Kip1 and the removal of 

non-proteolytic K63-linked polyubiquitination of BCR::ABL1 fusion (636). In AML, USP10 

inhibition with Wu-5, a novel USP10 inhibitor, overcame Fms-related tyrosine kinase 3 

(FLT3) inhibitor resistance, inducing cell death by the proteasomal degradation of FLT3 (516, 

637). Mutations in FLT3 are found in 15-35% of AML cases, causing the constitutive 

activation of FLT3, which is involved in the activation of the PI3K/AKT pathway (516). Yang, 

Meng (550) demonstrated that USP10 inhibition with HBX19818 and P22077, an analogue 

of P5091 USP7 inhibitor, or USP10 KD led to the degradation of SYK and subsequently 

apoptosis of SYK-driven AML cell lines (MV4-11 and Ba/F3-FLT3-ITD) (22). SYK depletion in 

AML suppressed PI3K/AKT activation, indicating its role in the positive regulation of the 

PI3K/AKT pathway (638). These studies suggest a multifaceted function for USP10 in a 

tissue-dependent manner. Furthermore, the suppressive function of USP10 was reported 

in cancers characterised by low expression of USP10, while our data showed USP10 was 

overexpressed in CLL cells. Additionally, the involvement of USP10 in stabilisation the E3 

ligase SKP2, which has been reported to target FOXO1 for proteasomal degradation (355), 

suggests a potential role for USP10 in modulating FOXO1 stability. Similarly, USP10 role in 

regulating PTEN and SYK, both of which negatively and positively regulate the PI3K/AKT 

signalling pathway, further indicates the involvement of USP10 in the regulation of FOXO1. 

Regarding HBX19818, the original research paper demonstrated its high selectivity for USP7 

in HCT116 cells and specifically examined its effect on USP10 (492). While no effect on 

USP10 activity was observed at a concentration of 25 µM (492), it is worth noting that in 

AML Ba/F3-FLT3-ITD cell lines, HBX19818 potently inhibited the activity of USP10 at a 

concentration of 10 µM, as reported in a separate study (637). This suggests that HBX19818 

may have tissue-specific effects, as it has been reported that HBX19818 in CLL cells was 

selective to USP7 inhibition (459). Therefore, further investigation into the role of USP10 in 

CLL cells could reveal its role in regulating the PI3K/AKT/FOXO1 pathway and whether it acts 

as a tumour suppressor or promoter in CLL cells.  

 

6.3 The combination of USP7 inhibitors with approved treatments in B-cell 

malignancies 

USP7 targeting by selective inhibitors is emerging as a promising therapy in cancer (470). 

Several studies have demonstrated that high levels of USP7 are directly associated with 
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tumour progression in CLL (459, 460), MM (461), breast cancer (639), cervical cancer (640), 

colorectal cancer (640), OC (641), and prostate cancer (363). To date, no USP7 inhibitors 

have entered clinical trials, which could be attributed to the challenges in developing 

selective USP7 inhibitors (642). These challenges include preventing cross-inhibition due to 

the highly conserved structural features of the catalytic domain of DUB proteins (643), and 

the weak micromolar potency of most USP7 inhibitors (642). For instance, the first trial of 

a DUB inhibitor in MM was discontinued due to severe lung toxicity caused by increasing 

the dose of VLX1570 to 1.2 mg/kg, while the anti-tumour effect was observed at a dose 

equal to or greater than 0.6 mg/kg (475). This suggests the need for more selective 

inhibitors with achievable nanomolar potency. A new study demonstrated the efficacy and 

selectivity of FX1-5303, a highly selective USP7 inhibitor, which inhibited USP7 activity with 

an IC50 of 0.29 nM (644). The selectivity of FX1-5303 was confirmed in a panel of 44 DUBs, 

where only USP7 was inhibited at a concentration of 10 µM (644). FX1-5303 also increased 

the levels of p53 and p21Waf1/Cip1 and inhibited cell viability in the MM.1S MM cell line with 

nanomolar potency (644). Additionally, FX1-5303 showed efficacy in inhibiting proliferation 

in TP53 wild-type AML cell lines, although it was less effective in TP53 mutant AML cell lines 

(644). The combination of FX1-5303 and venetoclax, a BCL-2 inhibitor, demonstrated strong 

anti-proliferative effects in AML cell lines resistant to venetoclax (644). This combination 

also resulted in strong inhibition of tumour progression in ex-vivo AML patient samples and 

in vivo mouse models of AML and MM (644). This study demonstrated that FX1-5303 is a 

highly selective USP7 inhibitor with nanomolar potency, and the combination of FX1-5303 

and venetoclax has demonstrated synergistic anti-tumour effects in preclinical models of 

AML and MM. Agathanggelou, Smith (459) tested the anti-tumour effects of HBX19818 in 

vivo using a MEC1 CLL murine xenograft model. Therapeutic doses of HBX19818 were well-

tolerated in mice and resulted in a reduction of tumour load (459). Similarly, USP7 KD in 

mice led to a reduction in MEC1 tumour load (459). Notably, the MEC1 CLL cell line harbours 

del(17p)/TP53 mutation/deletion, indicating that the inhibition of USP7 in CLL cells with 

HBX19818 has p53-independent activity (459). Histological assessment of HBX19818 in 

mice indicated no systemic inflammation in their kidney and liver tissues (459). The study 

also examined in vivo the efficacy of single or combination treatment with HBX19818 and 

cyclophosphamide or rituximab (459). The data indicated that HBX19818 in combination 

with cyclophosphamide had a stronger effect than cyclophosphamide alone or the 

combination of HBX19818 with rituximab (459). These findings suggest that HBX19818, 
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both alone and in combination with chemotherapy, induced strong anti-tumour effects 

independently of p53 expression, indicating its therapeutic potential for poor prognostic 

CLL patients with cytogenetic aberrations such as del(11q) and del(17p). While clinical 

practice is now moving away from chemotherapeutic options for CLL patients, our data 

showed the combination of HBX19818 with ibrutinib enhanced the anti-tumour potency of 

ibrutinib and modulated FOXO1 anti-tumour activities. This suggests that the combination 

of HBX19818 and ibrutinib may have therapeutic potential through the modulation of 

FOXO1 activity and the unleashing of its tumour-suppressive function in CLL cells. 

 

6.4 Future directions  

Our group developed a poor prognostic CLL mouse model by retrovirally transducing 

dominant-negative PKCα (PKCαKR) in haematopoietic progenitor cells from wild-type mice 

(645). This model resembles an aggressive CLL-like disease phenotype, characterised by 

CD19+CD5+CD23+IgMlow expression, upregulation of ZAP-70, and increased activation of the 

mTOR signalling pathway (483, 645). Future directions include examining the mRNA and 

protein expression levels of DUBs in vivo, particularly USP7, USP8, USP9x, and USP10, in the 

PKCαKR mouse model compared to the empty vector control (MIEV). Additionally, 

investigating the effect of DUB inhibitors, particularly HBX19818 alone or in combination 

with ibrutinib, would provide insights into monotherapies and combination effects on 

tumour load and OS. Furthermore, using transgenic conditional knockout (cKO) of DUBs, 

particularly USP7, in the MIEV and PKCαKR mouse models would offer a clearer 

understanding of the role of these DUBs in regulating the PI3K/AKT/FOXO1 pathway, as well 

as FOXO1 expression, subcellular localisation, and transcriptional activity. This experimental 

approach would strengthen our understanding of the role of DUB proteins in the regulation 

of FOXO1 and whether functional redundancy exists within the DUB family. Examining 

TRIM21 cKO and its effect on FOXO1 total ubiquitination, subcellular localisation, 

expression, and transcriptional activity would further enhance our current understanding 

of the role of TRIM21 in regulating FOXO1 activity. 

Co-IP of FOXO1 protein from whole cell lysates of CLL patient cells and MEC1 cells 

demonstrated FOXO1-USP7 interaction. However, analysis of the subcellular localisation of 

both FOXO1 and USP7 proteins revealed their expression in both the cytoplasmic and 
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nuclear fractions. To determine where this interaction occurs, and considering that USP7 

modulation of FOXO1 activity may be nuclear-independent (477), co-IP of FOXO1 from the 

nuclear and cytoplasmic fractions should be examined for FOXO1-USP7 interactions. 

Furthermore, immunofluorescence studies of FOXO1 subcellular localisation upon USP7 KD 

or overexpression could validate our cellular fractionation data and confirm whether USP7 

modulates FOXO1 subcellular localisation via deubiquitination. To examine the type of 

ubiquitination targeted by USP7 and validate our suggestion that USP7 interacts with 

FOXO1 to mediate FOXO1 inactivation, deubiquitination assays following Van der Horst, de 

Vries-Smits (360) protocol could be performed. 

Knocking down USP9x in MEC1 cells increased FOXO1 DNA binding and transcriptional 

activities. However, FOXO1 co-IP demonstrated no interaction between FOXO1 and USP9x. 

Additionally, USP9x KD and inhibition with WP1130 had no significant impact on FOXO1 

expression or subcellular localisation. Therefore, we propose immunofluorescence studies 

of FOXO1 subcellular localisation upon USP9x KD or overexpression could further validate 

our cellular fractionation data and confirm whether USP9x modulates FOXO1 subcellular 

localisation via deubiquitination. 

Our proteome analysis of FOXO1 interactors identified TRIM21 as a novel interactor of 

FOXO1. TRIM21 KD in MEC1 cells suggested a role for TRIM21 in regulating FOXO1 

expression, subcellular localisation, and DNA binding activity. Investigation of the effect of 

TRIM21 overexpression on FOXO1 activity could further validate the effects of TRIM21 KD. 

Additionally, examining the transcriptional levels of FOXO1 target genes upon TRIM21 KD 

and overexpression could provide insights into the role of TRIM21 in FOXO1 transcriptional 

activity. Furthermore, the type of ubiquitination mediated by TRIM21 on FOXO1 was not 

investigated. While we strongly suspect it to be monoubiquitination (360), as TRIM21 KD 

depleted the FOXO1 nuclear fraction, other ubiquitination linkages could also alter FOXO1 

activity, such as K63-linked ubiquitination, which has been reported to inhibit the activity 

of PTEN (635). 

 

Collectively, our data highlighted the role of BCR activity in regulating CLL cell survival and 

evading apoptosis through signalling transduction activation of the PI3K/AKT pathway, 

which mediated FOXO1 inactivation and nuclear exclusion. Additionally, we demonstrated 

a role for the UPS pathway in modulating the activity of FOXO1 via ubiquitination by TRIM21 
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and DUB proteins, particularly USP7 and USP9x. DUB inhibitors, particularly the USP7 

inhibitor HBX19818, alone reduced CLL cell viability and upregulated CLL cell cycle 

accumulation at the G0/G1 phase. This effect was further enhanced by the combination of 

HBX19818 with ibrutinib. Although HBX19818 or USP7/USP9x KDs, alone upregulated 

FOXO1 transcriptional activity without impacting FOXO1 expression or localisation, the 

combination with ibrutinib enhanced modulation of FOXO1, resulting in stronger activation, 

as indicated by increased nuclear accumulation and upregulation of FOXO1 DNA binding 

activity. To conclude, we consider that unleashing FOXO1 anti-tumour activity by 

simultaneously inhibiting BCR-mediated phosphorylation and USP7 deubiquitination of 

FOXO1 may present an alternative therapeutic strategy for CLL patients, independent of 

their prognosis. 
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Appendix 

Protein Accession IgG 151_US 151_FAB 173_US 173_FAB 196_US 196_FAB 
MYH9 P35579-1 241.2 130 129.7 71.7 84.3 53.7 36.7 
PHB1 P35232 60.2 48.1 98.7 49.7 130.1 98.9 135.4 
HSPA9 P38646 45.6 84.8 90.7 121.5 99 134.1 126.3 
RPS3 P23396-1 42.3 91.6 102.4 119.6 79.1 141.9 96.3 
IGHM P01871 350.3 157.3 117.1 43.5 57.1 30.8 84.5 
YWHAG P61981 39.6 50.7 93.2 78.1 143 104.3 236.6 
YWHAZ P63104-1 31.6 44.2 88.3 77.5 155.1 106.6 243.6 
RPS18 P62269 43.2 85.5 76.2 100 103.7 153.9 112.4 
RPS19 P39019 50.5 83.4 91.7 101 100.1 140.4 90.7 
HSPA5 P11021 106.7 117.5 112.8 71.4 86.5 118.4 97.9 
ATP5F1A P25705-1 64.4 89.8 121.9 97.1 90.3 144.8 104 
MX2 P20592 87.4 65.3 66.2 125.1 155.7 50.4 41.3 
PPP1R12A O14974-4 180.9 93.6 72.8 131.7 128 32.2 24.2 
NCL P19338 105.7 95.8 97.9 111 105.8 87.2 70.3 
HADHA P40939 56.8 87.4 63.6 110.9 154.9 140.8 93.2 
VIM P08670 67.4 49.8 48.9 213 131 46.7 39.4 
HSPA8 P11142-1 39.7 72.4 87.3 124.2 109.8 147.7 130 
IGHD P01880 507.4 214.9 196.5 11.6 13.1 19.4 18.2 
TPM3 P06753-2 160.7 99.9 111.8 82.4 93.1 97.5 50.1 
MYL6 P60660 132.1 87.6 140.3 96.9 82.7 90 47.3 
NONO Q15233 37.5 54.6 76.5 140 94.7 123.8 75.1 
SFPQ P23246-1 41.2 55.8 75.5 157.4 99.3 125.5 78.1 
MYO18A Q92614-1 244.2 132.9 100.6 86.1 102.4 34.5 31.2 
RPS23 P62266 40.3 125.1 124.7 62.5 66 139.3 120.4 
RPS4X P62701 38 110.2 100.3 67.1 96.5 148.2 125.5 
RPS5 P46782 40.3 127 54.2 149 100 68.8 113.2 
RPL13 P26373-1 96.7 121.2 119.9 77.1 73.2 143.5 97.3 
ARPC4 P59998 154.8 119.7 118.5 86.1 85.4 97.3 41.1 
SLC25A6 P12236 93 95.9 194.1 39.2 58.4 154.3 85.6 
ACTN1 P12814-1 138.8 97.7 87.8 143.2 116 39.8 31.8 
CaM P62158 146.8 85.5 103.2 122.8 106.9 53.5 34.2 
EFHD2 Q96C19 247.1 146.3 91.5 96.6 88.6 18.1 15.5 
HSPA1B P0DMV8 85.3 85.6 83.3 122.3 106.1 101.8 97.9 
H1-10 Q92522 113.3 88.3 81.7 124.3 124.6 91.2 66.7 
IGHG1 P01857 29.8 88.5 52.1 92.9 114.4 162.4 92.4 
IGKC P01834 366.7 161.4 118.1 32 67.2 25.3 94 
IGKV4-1 P06312 379.2 235 122.2 21.9 29.1 62.4 29.1 
LETMD1 Q6P1Q0 20.5 99.4 117.2 70.8 89.7 216.6 137.1 
MYL12A O14950 139.8 96.2 105.6 66.8 68.4 73.5 66.6 
IL16 Q14005-1 135.5 110.3 82.1 111.3 89.3 77.6 64 
SELENOH Q8IZQ5 92.1 104.6 85.8 110.3 107.3 75.1 56.5 
TPM4 P67936 163.1 101.7 96.2 91.9 93.8 93.9 51.7 
MRPL14 Q6P1L8 48.8 75.6 124.1 74.9 108.7 152.3 100.1 
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RPS10 P46783 47.8 61.9 78.8 121.9 111.7 137.7 91.8 
RPS11 P62280 56.6 75.6 71.2 107.4 111.8 136.7 73.1 
RPS14 P62263 51.5 85.2 87.4 114.6 117.6 160.4 103.2 
RPS16 P62249 62.3 64.4 109.9 84.1 119.4 154.5 99.9 
RPS3A P61247 65 96.7 79.2 114.7 132.3 121.7 88.1 
RPL22 P35268 91.1 103.4 56.7 97.7 203.4 122.7 70.7 
RPL27A P46776 38.4 126.8 131.9 54.6 61.8 133.9 116 
RPL28 P46779 110.7 105.9 92.9 114.9 90.3 100.7 70.1 
ARPC2 O15144 159 108.8 119.2 61.7 75.8 101.7 44.8 
ATP5F1B P06576 36.4 65.5 129.6 95.5 98.4 136.7 150.4 
ATP5F1C P36542-1 34.9 102.9 113.5 86.4 77.3 150.3 123.2 
TRIM21 P19474 49.1 47.6 103 82.3 113.4 134.3 106.6 
FOXO1 Q12778 3 73.8 74.4 114.5 92.5 185.6 197.1 
HSPB1 P04792 119.4 105.2 123.4 90.1 66 96.6 77.2 
HMGA1 P17096-1 28.8 56.7 41.7 141.5 166.5 146.7 79.1 
H2AZ2 Q71UI9-1 50.4 71.7 88.9 95 150.2 145.4 89.5 
LPXN O60711-1 44.8 97.1 133.4 96.2 78.1 160.2 119.6 
PRDX4 Q13162 89.2 111.1 129.3 74.8 84.8 106.1 106 
PHB2 Q99623 62 60.5 100.7 53.7 122 116 119.3 
GOLM2 Q6P4E1 217.1 132.9 129.4 27.8 73.3 16.3 168.6 
SCCPDH Q8NBX0 158.1 153.6 72.5 62 90.8 109.2 116.7 
PPP1CB P62140 135.5 84.4 110.8 103 113.5 30.2 31.5 
SPTAN1 Q13813 220.7 149.2 140.8 52.9 50 42.9 96.6 
MYO1C O00159-1 184.1 95.6 99.7 100.6 114.9 64.8 40.8 
MYO5A Q9Y4I1-1 192.8 112.4 121.2 102.2 91.3 49.6 33.3 
HACD3 Q9P035 356.7 135.1 121.9 29.9 80.5 34.8 79.9 
ZYX Q15942 50.6 95.4 95.5 114.1 80 129.1 110.5 

Table S5. 1: FOXO1 interactive proteins in primary CLL samples.  
Proteomics data were analysed using the PEDRo method for FOXO1 co-immunoprecipitation (co-IP) 
to identify proteins interacting with FOXO1 in three different CLL patients (646). The CLL patient 
samples (CLL151, CLL173 and CLL196) were cultured overnight on RPMI complete media, then 
stimulated with F(ab')2 fragments (10 ng/mL) for 0.5 hr or unstimulated. FOXO1 co-IP were 
performed to isolate FOXO1 protein including IgG control. The samples were processed by Nanoflow 
HPLC Electrospray Tandem MS (nLC-ESI-MS/MS) with a Tandem Mass Tag (TMT) system and 70 
proteins were identified as interactor of FOXO1 co-IP. US; unstimulated/control, Fab; F(ab)'2 
stimulated samples. 
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