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ABSTRACT 
 

 

CLL is a malignant disease characterized by the uncontrolled clonal proliferation of small, 

mature-appearing neoplastic dysfunctional CD5+ B lymphocytes in which is driven by changes 

in DNA methylation. Genetic alterations and signalling via surface immunoglobulin which 

constitutes a major part of the B cell receptor also contribute to CLL pathogenesis. The clinical 

outcome of CLL is heterogeneous with some patients requiring therapy immediately after 

diagnosis due to the rapid progression of the disease in contrast to others who do not require 

treatment for many years. IGHV mutational status, genomic changes and patient age should 

always be considered when choosing the right therapy. Retrotransposons such as Alus comprise 

more than 25% of the human genome and their hypomethylation has been shown in solid 

tumours. However, there have been scant considerations of their role in CLL carcinogenesis. 

Therefore, in this study, there has been a broad overview of the relationship between major 

cytogenetic aberrations and hypomethylation of retrotransposons while mentioning novel 

treatments that can be used. 13q.14.3, 17p13.1 and 11q22-q23 were the most found deletions in 

CLL patients. All deletions were found to be associated with DNA hypomethylation of 

retrotransposons at CpG sites influencing the function of DLEU1&2, RB1, TP53, and ATM. 

While various specific genomic events are seemed to be directly related to a differential clinical 

outcome and frequency between CLL patients that bear mutated-IGHV or unmutated-IGHV 

genes, until today very few studies have tried to link these genomic events to hypomethylation of 

retrotransposons, therefore future studies are necessary so to identify the exact mechanisms 

which subsequently can lead to new novel therapeutic approaches.   
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INTRODUCTION 
 

Chronic Lymphocytic Leukaemia (CLL) is a chronic lymphoproliferative disorder which it’s 

characterized by the uncontrolled clonal proliferation of small, mature-appearing neoplastic 

dysfunctional CD5+ B lymphocytes. CLL sites mostly in peripheral blood, in lymph nodes, 

spleen and in the bone marrow which as a result induces serious events such as lymphocytosis, 

infiltration of leukemic cells into the marrow, lymphadenopathy and splenomegaly. While 

several studies suggested that genetic alterations and signalling via surface immunoglobulin 

(highly connected with B cell receptors) are the main causes for CLL genesis the exact aetiology 

until today remains unknown. As there are no treatments yet and the mortality rates are 

increasing year by year the importance to uncover the exact aetiology of CLL is imperative 

(Kipps et al., 2017) (Bosch and Dalla-Favera, 2019) (Rozman and Montserrat, 1995).    

Epidemiologically CLL accounts for ~300,000 newly cases each year and it’s the most frequent 

form of cancer with 30% while Chronic Myeloid Leukaemia and Acute Myeloid Leukaemia is 

estimated at 20% respectively (REDAELLI et al., 2004) (Lihteh and Foster, 2021). Population-

based studies in the Black-African populations indicated that CLL for males is about 4.9 and 2.4 

for females per 100,000. In contrast, CLL in the white populations is 6.8 for males and 3.5 for 

females per 100,000 (Li et al., 2015) (Kipps et al., 2017). Therefore, the risk for the white 

populations in relation to the Black-African populations is significantly higher and that males are 

at a higher risk to develop CLL in contrast to females while the median age of diagnosis for CLL 

has been estimated at 64-70 years (Siegel et al., 2012) (Nabhan et al., 2014) (Li et al., 2015). 

This study by Kerber and O'Brien, 2005 has shown that the risk to develop CLL due to inherited 

factors is ~35% making the family history to be one of the best-characterized risk factors.     

Throughout the years is been introduced by the researchers that CLL can be distinguished into 

two subgroups which varies according to the clinical behaviour of the presence or absence of 

mutations in the immunoglobulin heavy chain variable region (IGHV) genes (Damle et al., 1999) 

(Hamblin et al., 1999). IGHV genes are specialized to encode a part of the B-cell receptor 

(Efremov, Turkalj and Laurenti, 2020) (Hengeveld, Levin, Kolijn and Langerak, 2021). CLL 

cells that express an unmutated IGHV are derived from B cells that haven’t experienced 

differentiation in the germinal centres (Kipps et al., 2017). The germinal centres are transiently 

formed sites in the lymph nodes in which the B cells are experiencing somatic hypermutations in 
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their IGHV genes while under an immune response (De Silva and Klein, 2015) (Kipps et al., 

2017). The clinical outcomes and behaviour of CLL patients along with transcriptomic analysis 

have shown that those patients that express an unmutated IGHV will experience a more 

aggressive disease in relation to those patients with a mutated IGHV (Figure 1) (Darwiche, 

Gubler, Marolleau and Ghamlouch, 2018). This is because CLL cells are derived from B cells 

that have experienced differentiation in the germinal centres, express immunoglobulin and have 

undergone somatic hypermutation and/or class-switch recombination. Class-switch 

recombination is a process that is often found in B cells under an immune response to antigen 

(Kipps et al., 2017) (Rozovski, Keating and Estrov, 2018). 

 

           

Figure 1: A clinical phenotype and behaviour model for CLL. This model describes the 

clinical phenotype for CLL patients whether they express a mutated IGHV or unmutated IGHV. 

 

Both mutated and unmutated IGHV subtypes under comparative gene expression profile analysis 

seem to originate from antigen-experienced CD27+ B cells derived from germinal centres 

(Chiorazzi and Ferrarini, 2011) (Seifert et al., 2012). Conversely, this study by Seifert et al., 

2012 has suggested that unmutated IGHV CLL cells resemble CD5+CD27− naive B cells 

whereas mutated IGHV cells resemble CD27+CD5+ B cells. Therefore, unmutated IGHV genes 

seem to originate from pre-germinal centre CD5+CD27− B cells and arise from naive B cells 

while mutated IGHV genes seem to originate from post-germinal centre CD27+CD5+ B cells 
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which undergo the germinal centre reaction. The cellular origin of CLL as explained above is not 

yet fully determined but the evolution from these progenitors to monoclonal B lymphocytosis 

can eventually cause CLL which is dictated by additional genetic and epigenetic abnormalities, B 

cell receptor stimulation, and microenvironmental factors (Figure 2) (Fabbri and Dalla-Favera, 

2016). 

 

Figure 2: The cellular origins of CLL cells. It’s been suggested that all start from haematopoietic 

stem cells (HSCs) that acquire genetic and epigenetic alterations (lightning strikes). While this 

hypothesis is still under conflict (Damm et al., 2014) (Marsilio et al., 2017) it’s been suggested 

that the cellular output is a polyclonal expansion of B cell progenitors. CLL cells with mutated 

IGHV originate from post-germinal centres - CD27+CD5+ B cells and CLL cells with unmutated 

IGHV originate from the pre-germinal centre - CD5+CD27− B cells. Unmutated IGHV CLL cells 

might arise from naïve B cells or by a T-cell independent process while mutated IGHV CLL cells 

might arise from CD5+CD27+ B cells that have undergone the germinal centre reaction. By 

additional genetic and epigenetic alterations (lightning strikes), the evolution from these 

progenitors to monoclonal B lymphocytosis (MBL) leads to CLL. The dashed arrows are 

hypothetical mechanisms of T cell-dependent antigen (TD) and T cell-independent antigen (TI) 

that could play a role in the rise of precursors CLL cells. The figure is taken by Bosch and Dalla-

Favera, 2019. 
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All these suggest that the mutational status of IGHV in leukemic cells is driven by distinctive 

epigenetic programming pathways, especially, the pre-germinal centres cells that express an 

unmutated IGHV in relation to the post-germinal centre of memory B cells that express a mutated 

IGHV (Tobin et al., 2002) (Ghia et al., 2008). This is further supported in recent years by new 

studies showing that many genes are epigenetically silenced in CLL. Therefore, continuous 

advances related to the molecular mechanism of DNA methylation in CLL cells can be very 

promising for discovering new novel diagnostic markers or innovative therapies (RAVAL, BYRD 

and PLASS, 2006). It is remarkable that back in 1999, there were two pioneer papers which have 

showed that CLL is driven by somatic mutations in IGHV genes and therefore they can be used as 

a predictive genetic tool for CLL while highlighting the importance of epigenetic programming in 

the progression of CLL (Damle et al., 1999) (Hamblin et al., 1999). 

 

Hereditary Factors and Environmental Factors 

 

As it’s been already mentioned the genetic factors are not only playing a role in CLL pathogenesis 

but also contribute to the susceptibility of the disease. There are pieces of evidence from the CLL 

Research Consortium that 9% of the patients do have a relative with CLL. This percentage 

increases even more by another 8.5% in first-degree relatives (Cerhan and Slager, 2015). Several 

studies have identified by genome-wide association studies that single nucleotide polymorphisms 

(SNPs) might contribute to familial CLL pathogenesis. SNPs in CLL are involved in numerous 

genetic alterations and nearly 30 loci are been observed in familial CLL (Di Bernardo et al., 2008) 

(Crowther-Swanepoel et al., 2010) (Slager et al., 2011). Such an example of altered genes in CLL-

associated SNPs was observed in IRF4 in which it’s under-expressed in mice. These mice 

subsequently suffered from CLL due to hyperactivation of the Notch signalling (Shukla et al., 

2013) (Shukla, Shukla, Joshi and Lu, 2016). Also, in BCL2 which encodes an anti-apoptotic 

protein in CLL patients, it was found to be overexpressed. BCL2 was followed with reduced 

expressions of mir-15a and mir-16-1 which both are involved in familial CLL (Calin et al., 2005) 

(Veronese et al., 2014). These two miRNAs can repress the ability of BCL2 even at low expression 

levels disrupting apoptosis and enhancing the B cell receptor signalling which contributes to B 

cells survival (Cimmino et al., 2005) (Chen et al., 2005). Also, mice that have an allele at the mir-

16-1 locus have suffered from B cell lymphoproliferative disorders and subsequently with CLL 
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(Raveche et al., 2007). Therefore, common genetic variations of familial CLL and altered 

expression of genes that are located close to SNPs can enhance the heritable risk and disease 

susceptibility.  

 

The environmental factors is another aspect that needs to be fully determined on how it’s 

associated with CLL. According to the National Cancer Institute, the environmental factors that 

are linked with the everyday lifestyle of individuals are thought to be linked in about 80-90% of 

the total cancer cases (Lindsey, 2005). In 2014, the US Department of Veterans Affairs concluded 

that exposure to agent orange (a herbicide) is a significant risk factor for CLL pathogenesis 

(Baumann Kreuziger, Tarchand and Morrison, 2013). Insecticide chemicals were also linked with 

CLL pathogenesis (Schinasi et al., 2015). In contrast, there was little evidence that viral infections, 

blood transfusions and dietary factors can increase the risk of CLL (Hjalgrim et al., 2015) (Kipps 

et al., 2017). 

 

DNA Methylation 

 

DNA methylation is an epigenetic mechanism that regulates gene expression by recruiting 

proteins involved in gene suppression or by inhibiting the binding of transcription factors to the 

DNA. DNA methylation was discovered closely to the year when DNA was firstly identified as a 

genetic material (Moore, Le and Fan, 2012). In 1948 a study that was performed by Rollin 

Hotchkiss showed a modified cytosine called 5-methylcytosine (5mC) that was separated from 

cytosine. He introduced that this process might happen naturally in DNA regulation (D. 

Hotchkiss, 1948). This observation was not fully supported by other scientists until 1981 in 

which further studies demonstrated that DNA methylation was involved naturally in gene 

regulation and cell differentiation (Holliday and Pugh, 1975) (Compere and Palmiter, 1981).  

 

DNA methylation principally occurs at the cytosine bases of eukaryotic DNA in dinucleotide 

CpG sites. CpG sites are regions of DNA where a cytosine nucleotide is followed by a guanine 

nucleotide in the linear sequence of bases along its 5' → 3' direction in which statistically are 

low-expressed throughout the genome but are concentrated in high densities in C + G rich 
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regions (CpG islands) at gene promoters (De Smet et al., 1999) (Wilson, Power and Molloy, 

2007). Interestingly, CpG dinucleotides have also been found within the intergenic and intronic 

regions of the DNA in which in these regions CpG sites are ~70-90% methylated and are 

estimated to be 0.75-1% of the total amount of bases in the DNA (Ehrlich et al., 1982) (Tuck-

Muller et al., 2000). Today, researchers know that DNA methylation is the transfer of a methyl 

group (CH3) from S-adenyl methionine to the carbon 5 of cytosine residue in CpG sites which 

subsequently forms 5mC. This epigenetic mechanism is catalyzed by DNA methyltransferase 

enzymes (DNMTs) which their main function is to regulate gene transcription, expression and 

suppress retrotransposition (Moore, Le and Fan, 2012). Some of the DNMTs can act either as de 

novo DNMTs in which they transfer CH3 onto a DNA sequence or they can function as 

maintenance DNMTs by copying a CH3 from an existing DNA sequence to a new after 

replication (Hervouet et al., 2018) (Jin and Robertson, 2012). The most important DNMTs are 

considered to be Dnmt3a, Dnmt3b and Dnmt1 in which are all important for the normal function 

of DNA methylation during cell differentiation, embryonic development, and gene expression 

regulation (Moore, Le and Fan, 2012) (Upchurch, Haney and Opavsky, 2016). This is further 

supported by this study by Suzuki & Bird, 2008 in which they showed that mice that lack 

DNMTs were followed with reduced methylation levels and died early in development. 

 

Alterations in gene expression and cell differentiation can be linked with epigenetic changes. 

More specifically, when a disruption occurs in DNA methylation patterns then the development 

of any form of cancer is significantly increased (Figure 3) (Wilson, Power and Molloy, 2007). In 

recent years a large amount of research about DNA methylation on cancer and tumour 

suppressor genes is performed. This is because tumour suppressor genes are often silenced in 

cancer because of hypermethylation and/or because genomes of the cancer cells are often 

hypomethylated (Moore, Le and Fan, 2012). 
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Figure 3: DNA methylation in healthy tissue and cancer. This diagram shows a genomic 

region of DNA in normal tissue and cancer. In cancer, global hypomethylation induces 

transcriptional re-activation of DNA sequences which are integrated into the genome 

contributing to mutagenesis and carcinogenesis. In a normal tissue DNA methylation prevents 

transcription factors (TF) and RNA polymerase from binding at the promoter regulating gene 

expression and suppress retrotransposition. 

 

Hypomethylation of Alu elements 

 

Retrotransposons, including LINE (long interspersed elements) and SINE (short interspersed 

elements), comprise a large portion of the mammalian genome. The ones that are mostly studied 

from LINE and SINE are LINE-1 and Alu elements (Mighell, Markham and Robinson, 1997) 

(Price, 2004). Alu elements (Alus) are primate-specific repeats which are ~300 nucleotides in 

length and comprise more than 25% of the human genome that influence genome evolution, 

regulation and disease (Figure 4) (Kim, Cho, Han and Lee, 2016) (Barrow et al., 2020). As it's 

been already introduced, they belong to the family of retroelements called SINEs and are 

considered as mobile elements because they have a copy number that exceeds more than 1 

million copies in all the human genome (Lander et al., 2001) (Dewannieux, Esnault and 

Heidmann, 2003). 
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Figure 4: Schematic representation of an Alu element. Alu is composed with two monomers 

(left and right), a poly(A) tail and two boxes (A and B) in which they contain the promoter RNA 

polymerase III (binding sites) and through the target site duplication (TSD) it can insert into the 

human genome. The figure is taken by Kim, Cho, Han and Lee, 2016. 

 

Although, while Alus are considered as retrotransposons and mobile elements only a small 

fraction of Alus is capable of generating new copies. This was mainly attributed to the fact that 

the oldest subfamilies of Alus such as AluJ have lost their ability to retrotranspose because of 

sequence changes over time whilst the newest members of AluS and AluY families have retained 

their ability to ‘’jump’’ and therefore generate new copies (Mills et al., 2006) (Wang et al., 2006) 

(Mills, Bennett, Iskow and Devine, 2007). Also, Alus are non-autonomous elements which 

means that when they replicate, they need trans-acting factors from the only activated family the 

autonomous human retroelements LINE-1 (Dewannieux, Esnault and Heidmann, 2003). 

 

Alus are still activated throughout the human genome. Any somatic insertion events that may 

occur can eventually increase the progression of diseases through insertional mutagenesis and 

increase the genetic diversity. This happens because of the internal RNA polymerase III which 

potentially initiates transcription and develops RNAs that are responsible for the amplification of 

Alus (Deininger, 2011) (Deininger, Batzer, Hutchison and Edgell, 1992) (Roy-Engel et al., 

2001). In contrast, RNA polymerase III is observed in very low levels because they are 

epigenetically silenced and therefore has been considered that a high amount of dispersed loci 

incapable to retrotranspose appear to be involved in the mechanism which as a result enhance the 

transcription of Alus (Ullu and Tschudi, 1984). 
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Alus can be distinguished into subfamilies according to their sequence variants, their 

evolutionary heritage and their diagnostic mutations (Jurka and Milosavljevic, 1991). As it’s 

been already introduced currently there are three subfamilies of Alus which are AluJ (oldest), 

AluS (intermediate) and AluY (youngest) (Mills, Bennett, Iskow and Devine, 2007). Of these, 

the AluY subfamily is considered the most active one in the human genome in contrast to the 

other two subfamilies. Interestingly, the Alu-Y subfamily has undergone tremendous expansions 

throughout the years developing further subgroups such as the AluYa5 and AluYb8 which are 

guided by “master” Alu copies and secondary “source” elements and therefore are responsible 

for the bulk of insertions in humans. Also, this ability by AluY elements to expand and evolve 

has been thought to be due to their stealth driven abilities making them able to escape from the 

negative selection which as a result produce new subfamilies that have high transposition activity 

(Han, 2005) (Ehrlich, 2009) (Ahmed, Li and Liang, 2013). 

 

Also, de novo retrotransposition in Alus has been estimated to occur ~1 in every 21 births. These 

somatic retrotransposition are largely suppressed by epigenetic mechanisms that silence the 

expression of these elements. Also, hypomethylation of Alus has been observed in a range of 

environmental exposures such as benzene (Bollati et al., 2007) and tobacco (Breton et al., 2009) 

which this comes in accordance with the National Cancer Institute which stated that the 

environmental factors and the everyday lifestyle of individuals are highly connected with cancer 

cases (Lindsey, 2005). 

 

Retrotransposition of Alus is very often and normally been prevented by DNA methylation. 

Genome-wide hypomethylation was one of the first-observed epigenetic abnormalities in human 

cancer genomes that was described, including hypomethylation of Alus (Feinberg and 

Vogelstein, 1983) (Ehrlich, 2009). In CLL and in other forms of cancers, deregulation of 

methylated retrotransposon is very common and helpful for patient prognosis (Benard et al., 

2013) (Xiao-Jie et al., 2015). This is because hypomethylation is related to the re-activation of 

Alus that can eventually cause retrotransposition actions and activation of various oncogenes 

through locus-specific hypomethylation events and transcription within the retrotransposon 

elements from alternative transcriptional sites (Daskalos et al., 2009). At a genome-wide level, it 

can also induce chromosomal instability and further genetic defects which as a result can 
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negatively alter patient prognosis (Sheaffer, Elliott and Kaestner, 2016). Therefore, 

hypomethylation is strictly related to the re-activation of Alus causing various retrotransposition 

events and subsequently carcinogenesis. Interestingly, the above events can eventually cause 

mutagenesis causing gene evolution for ~0.3% of all the human diseases (Ayarpadikannan and 

Kim, 2014) and subsequently carcinogenesis in epithelial tissues (Helman et al., 2014). 

 

DNA hypomethylation can be either active or passive. Active DNA hypomethylation occurs in 

both dividing and non-dividing cells and it’s a process that requires the Ten-Eleven 

Translocation enzyme family to process 5mC (Mayer et al., 2000) (Zhang et al., 2007) (Tahiliani 

et al., 2009). In contrast, passive DNA hypomethylation occurs only in dividing cells and it’s a 

process that requires Dnmt1 which helps to maintain the methylation levels stable during cell 

replication (Bhutani, Burns and Blau, 2011) (Moore, Le and Fan, 2012). Its inhibition or 

dysfunction causes the newly formed cytosines to remain unmethylated and therefore the 

methylation sites in each cell division are reducing (Fan et al., 2001).  

 

The active DNA hypomethylation pathway in CLL B cells has a critical impact on disease 

progression and therefore it is believed that it may be the key for causing CLL and an in-depth 

analysis could provide critical information that can be used for therapies (Bagacean et al., 2017). 

Various studies identified the significance of DNA hypomethylation in carcinogenesis. A study 

using DNA methylation inhibitors has introduced that hypomethylation can indeed promote the 

progression of tumours and tumour metastasis in cancer (Ateeq, Unterberger, Szyf and Rabbani, 

2008). Another study by using mice has suggested that hypomethylation of transposable 

elements can alter the normal function of the genes and that by under ectopic induction of 

retrotransposons in various genes the incidence of cancer tumours was significantly increased 

(Waterland and Jirtle, 2003).  

 

In CLL’s epigenome, there is extensive evidence that hypomethylation under the progression of 

time it can auto-modify itself inducing genetic evolution and expression during the progression 

of the disease (Oakes et al., 2013). This is significant because treatments that exist to slow down 

the progression of the disease or treatments that are under development to treat CLL may not be 

functional for all patients. Although, until now there aren’t any detailed research papers about the 
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effect of global epigenetic changes on hypomethylation of Alus and how this causes the 

progression of CLL. Thus, this paper aims to unveil the epigenetic mechanisms of 

hypomethylated Alus that might be involved in CLL and mention possible novel treatments.  
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Overview 
 

The clinical outcome of CLL is heterogeneous with some patients being asymptomatic for 

decades whilst other patients need therapy immediately after diagnosis due to the rapid 

progression of the disease (Kipps et al., 2017). The need to develop treatments that can fully cure 

CLL patients is undeniable. There are novel therapies that have been discovered but their ability 

is limited as, they only moderately increase the overall survival of patients (Bagacean et al., 

2016). Using these treatments, also known as treatment-free survival (TFS) as an endpoint, it 

helped to develop a list of highly significant prognostic factors for early diagnosis. These include 

the mutational status of IGHV, cytogenetic alterations, CD38 and epigenetic modifications 

(Nabhan, Raca and Wang, 2015) (Queirós et al., 2014) (Nabhan, Raca and Wang, 2015).  

 

The epigenome in CLL is followed by high levels of widespread hypomethylation at the point of 

diagnosis which continues to evolve and mutate during the progression of the disease which 

highlights that epigenetic changes are associated with genetic evolution (Kulis et al., 2012) 

(Oakes et al., 2013). Also, deregulation of retrotransposon methylation is a very common 

observation in many cancers. Hypomethylation of Alu elements is associated with their re-

activation and can lead to retrotransposition events which are most common in colorectal cancer, 

prostate, lung, and breast cancers (47-93%) and are biased towards hypomethylated regions of 

the genome (Tubio et al., 2014) (Xiao-Jie et al., 2015). CLL however is not only caused by 

epigenetic alterations but by genetic mutations as well. Studies by Oakes et al., 2013 and Landau 

et al., 2014 suggest that genome and epigenome are co-evolving during the progression of the 

disease which may be in part be the result of hypomethylation of retrotransposons leading to 

genomic instability. In contrast, while global hypomethylation of Alu elements has been widely 

reported in solid tumours, their epigenetic dysregulation is yet to be characterized therefore in 

this review we will focus on specific-primary cytogenetic aberrations that are linked with 

hypomethylation of retrotransposons of CLL patients. 
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Cytogenetic aberrations and Hypomethylation of retrotransposons 

 

As already mentioned, CLL shows global DNA hypomethylation. From these abnormalities, a 

huge fraction involves unbalanced translocations suggesting gains or losses of genomic material 

(Pfeifer et al., 2006) (Mayr et al., 2006) (Haferlach et al., 2007). This is further validated by 

other studies showing that by performing a comprehensive DNA methylation profiling there is a 

substantial intra-tumoral methylation heterogeneity. Methylation heterogeneity has been 

increasingly observed in CLL and it’s been linked with genomic and methylome evolution (Kulis 

et al., 2012) (Pei et al., 2012) (Landau et al., 2014) (Puente et al., 2015). Also, CLL patients 

which have unmutated IGHV versus mutated IGHV generally have distinctive methylation 

patterns suggesting that epigenetic programming is crucial for the progression of the disease 

(Kipps et al., 2017). This also highlights that studying in-depth how hypomethylation of 

retrotransposons and key genes are interacting it can provide new therapeutic approaches. 

 

Various specific genomic events are related to a differential clinical outcome and frequency 

between CLL patients that bear mutated-IGHV or unmutated-IGHV genes (Kröber et al., 2002) 

(Haferlach et al., 2007). Through the years recurrent chromosomal aberrations have been 

observed that are associated with CLL pathogenesis. Interestingly, chromosomal abnormalities 

can now be detected in more than 90% of the patients through the use of new improved protocols 

such as array comparative genomic hybridization. Some of the most important chromosomal 

aberrations that were detected are 13q14.3 deletion, 17p13.1 deletion and 11q22-q23 deletion. 

Remarkably, 80% of the total cases of CLL patients will carry at least one of the three 

chromosomal alterations (Döhner et al., 2000) in which somatic mutations such as TP53 and 

ATM were consistently observed in genes that have a role in DNA damage (Pleasance et al., 

2009) (Fabbri et al., 2011) (Puente et al., 2011). Also, CLL was the first-ever human disease that 

was correlated with alteration in miRNAs such as mir-15a and mir-16-1 in which when they are 

repressed, they increase the development of CLL (Calin et al., 2002) (Bichi et al., 2002). 
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13q14.3 deletion 

 

The most common chromosomal aberration in CLL is the deletion of 13q14.3 which is observed 

in 50% of the total cases (Figure 5). 

 

Figure 5: Location of 17p13.1 deletion. In red colour, you can observe the location of the 

13q14.2-q14.3 probe deletion and with green colour the 13qter sub-telomere. DLEU1 and 

DLEU2, both are located within the region of 13q14. RB1 is located between the genetic 

markers D13S319 and D13S25. The figure is taken by Intergenetics, 2021. 

 

Often this deletion is interstitial and homozygous in almost 15% of the total cases (Döhner et al., 

2000). Although, while it is observed in about half of the total cases, it’s followed by the 

presence of mutated-IGHV and with good clinical outcome (>90% 5-year overall survival) 

(Döhner et al., 2000) (Kröber et al., 2002) (Haferlach et al., 2007). This study by Calin et al., 

2002 has shown that many regions between 130 and 550 kb are followed by a minimal deleted 

region of 29 kb between the exons 2 and 5 of DLEU2 (act as tumour suppressor gene) which is 

strictly related to lymphoma. Interestingly, DLEU1 is considered to be the most likely CLL-

associated candidate tumour suppressor gene within the 13q14 region. The 13q14 deleted region 

comprises two miRNAs (hsa-mir-16-1 and hsa-mir-15a), including the coding-region 

retinoblastoma gene (RB1) (Figure 5).  
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Hsa-mir-16-1 and hsa-mir-15a deleted regions are found in almost 70% of CLL cases. miRNAs 

are very important for the human body due to their ability to bind messenger RNAs and 

determine their degradation or inhibition of translation (Valencia-Sanchez, 2006). This is further 

supported by this study from Nava-Rodríguez et al., 2019 in which they showed a heterozygous 

deletion of approximately 2.6 megabase pair on chromosome 13 which included both DLEU1 

&2 and RB1 in CLL patients (Figure 6). 

 

Figure 6: Fluorescence in situ hybridization (FISH) to study DLEU, 13q sub-telomere and 

RB1. A, normal chromosome 13 shows the signals DLEU (red), 13q sub-telomere (green) and 

RB1 (green) whilst it’s observed a 13q sub-telomere on the der (12) chromosome. B-C, 

binucleated cells and D, micronucleated cells shows deletion of RB1-DLEU. The figure is taken 

by Nava-Rodríguez et al., 2019. 

 

This cytogenetic aberration on chromosome 13 is linked with hypomethylation of 

retrotransposons at CpG sites. It’s have been suggested that deletion of both hsa-mir-16-1 and 

hsa-mir-15a can promote activation of tumour-promoting genes which might be an important 

consequence of DNA hypomethylation and oncogenesis. This study by Benetti et al, 2008 has 

shown that miRNAs can regulate the expression of DNMTs and histone modifications which as a 

result contributes to the regulation of DNA methylation. Alterations in the expression of 

miRNAs have been proposed to play a role in the downregulation of the Dicer gene and MARIO
S PRODROMOU
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subsequently in the rapid progression of CLL. Dicer is an RNase III family nuclease that is 

involved in the initiation of RNA interference by generating small RNAs and which is involved 

in many silencing pathways (Reza Farzaneh et al., 2016). Therefore, this study examined Dicer 

by performing chromatin immunoprecipitation (ChIP)–immunoblot assays and they showed that 

there is a significant reduction in chromatin domains suggesting a loss of DNA methylation in 

the absence of Dicer1 (Figure 7). The loss of DNA methylation in Dicer1 null cells was the 

direct consequence of decreased Dnmt1, Dnmt3a and Dnmt3b mRNA levels (Figure 8) 

indicating that miRNAs might regulate the expression of DNMTs and histone modifications 

which as a result contributes to the regulation of DNA methylation. 

 

Figure 7: DNA methylation levels at chromatin regions H4K2me3, AcH3K9 and H3K9me3. 

A Chromatin immunoprecipitation (ChIP)–immunoblot assay revealed significantly decreased 

levels at H3K9me3, H4K2me3 and AcH3K9 bound chromatin, in Dicer1-null cells compared to 

the wild type controls. Interestingly HP1 bound chromatin which binds to the methylated 

H3K9me was not significantly decreased in Dicer1-null cells. Dnmt1−/− cells were used as a 

control. The figure is taken by Benetti et al, 2008. 
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Figure 8: Decreased DNMTs mRNA levels in Dicer1-null cells. A real-time quantitative RT-

PCR analysis revealed a significant decrease in the expression of Dnmt1, Dnmt3a and Dnmt3b 

mRNA levels in Dicer1 null cells in relation to the wild type controls. The figure is taken by 

Benetti et al, 2008. 

 

They also demonstrated that by overexpression of Dnmt1, or both Dnmt3a and Dnmt3b, in 

Dicer1-null cell’s DNA methylation can be rescued. (Figure 9). These cells under overexpression 

were able to recover sub-telomeric DNA methylation as well as global DNA methylation 

indicating that loss of DNA methylation is the consequence of the altered DNMTs expression. 

Also, increased expression of Retinoblastoma family proteins in Dicer1 null cells has been found 

when Dnmt3a and Dnmt3b were downregulated (Figure 10). Increased levels of retinoblastoma 

proteins such as RB1 is responsible for repressing promoters by associating with histone 

deacetylases and decreasing promoter acetylation which subsequently causes loss of DNA 

methylation (Brehm et al., 1998).  
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Figure 9: DNMTs can rescue DNA methylation. Quantitative RT-PCR analysis revealed that 

Dicer1-null cells under overexpression of Dnmt1, or both Dnmt3a and Dnmt3b enzymes can 

largely recover CpG methylation at the indicated sub-telomeres. The figure is taken by Benetti et 

al, 2008. 

 

 

Figure 10: Downregulation of Dnmt3a,3b induces the induction of retinoblastoma family 

proteins. Reduced gene expression of Dnmt3a and Dnmt3b in Dicer1 null cells induced 

increased expression of retinoblastoma family genes Rbl1 and Rbl2, Rb1cc1, Rbak and Rbbp1. 

Rbak encodes a putative mediator of E2f-mediated transcriptional activation which is crucial for MARIO
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the control of cell division. Rbbp1 mediates histone deacetylases (HDACs) which brings 

transcriptional repression of E2f-dependent promoters. The figure is taken by Benetti et al, 2008. 

 

Also, this study by Sinkkonen et al, 2008 has shown in mouse embryonic stem cells under Dicer 

knockout a disruption of miRNAs such as miRNA-290. miRNA-290 is significant because it 

regulates the expression of Dnmt3a and Dnmt3b. The miRNAs disruption induced DNA 

hypomethylation and repressed levels of histone methylation H3K9 causing the embryonic stem 

cells to grow very slowly. Although, under ectopic expression of de novo DNMTs or by 

transfection of the miR-290 cluster miRNAs into the embryonic stem cells the growth phenotype 

was rescued and DNA methylation was increased indicating that promoter methylation defects 

are due to repressed DNMTs (Figure 11). Both studies come in accordance with what we 

explained earlier about miRNAs, DNMTs and DNA methylation. 
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Figure 11: Dicer-null embryonic stem cells growth phenotype and DNA methylation was 

rescued under ectopic expression on the Oct4 promoter. (a) CpG methylation analysis in four 

different regions (SP1-GCNF, PE-1A, PE-1B and DE-2A) of Oct4. The scheme identifies 

positions of bisulfite-sequenced regions relative to the Oct4 transcription initiation site. Under 
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ectopic expression with plasmids expressing EGFP-Dnmt3a2, EGFP-Dnmt3b and EGFP-

Dnmt3L, Dicer-null embryonic stem cells (Dicer−/− cells) showed an increased de novo DNA 

methylation when treated with retinoic acid for 3 days. Transfection with miR-290 cluster 

miRNAs Dicer-null embryonic stem cells (Dicer−/− cells) had also increased levels of de novo 

DNA methylation. Dicer-null embryonic stem cells (Dicer−/− cells) treated with siRL (small 

interfering RNA against Renilla luciferase mRNA) showed no significant DNA methylation 

increase. (b) Proliferation of Dicer +/− cells and Dicer−/− cells under different treatments. Same 

numbers of Dicer +/− and Dicer−/− cells were transfected with plasmids expressing Dnmt3a2, 

Dnmt3b and Dnmt3l, miR-290 cluster miRNAs, siRL or rapamycin. Dicer−/− cells transfected 

with miR-290 cluster miRNAs rescues the growth phenotype more than the other ones. The 

figure is taken by Sinkkonen et al, 2008. 

 

Therefore, 13q deletion and the mutational status of IGHV are crucial factors for the progression 

and the clinical outcome of CLL (Ehrlich, 2002). In contrast, this study by Rossi et al., 2013 

explored the expression profile of the entire miR-15a and miR-16-1 clusters evaluating possible 

clinicopathological correlation and they found that 13q deletion does not strictly correspond to 

miRNAs downregulation in CLL suggesting that further studies are necessary. 
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17p13.1 deletion 

 

Another recurrent chromosomal aberration is the deletion of 17p13.1 which is observed in a 

small fraction of CLL patients (7% of the total cases) (Dijkstra et al., 2008) (Figure 12). 

 

Figure 12: Location of 17p13.1 deletion. In red colour, you can observe the location of the 

17p13.1 probe deletion along with TP53. With green colour you can observe the genetic markers 

D13S319 and D13S25. The figure is taken by Intergenetics, 2021. 

 

While it is very low observed it has the worst prognosis (35% 5-year overall survival) in contrast 

to all the genetic lesions together, signifying how serious this aberration is (Döhner et al., 2000). 

This deletion is followed by the presence of unmutated IGHV (Tam et al., 2009) (Delgado et al., 

2014). The 17p13.1 deletion affects TP53 which it’s a known transcription factor and it’s 

involved in various processes such as triggering cell apoptosis and/or cell-cycle arrest 

maintaining that way genome integrity and preventing clonal evolution (Figure 13) (Harris and 

Levine, 2005) (Chang, Jiang and Qi, 2010) (Delgado et al., 2014). MARIO
S PRODROMOU
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Figure 13: Detection of 17p13.1 deletion by fluorescence in situ hybridization (FISH). CLL 

cells present a hemizygous deletion of the 17p13 locus which hosts several genes with important 

regulatory functions, including the TP53 which becomes deleted as of a consequence of the 

aberration. Magnification: 400x. The figure is taken by Chang, Jiang and Qi, 2010. 

 

TP53 is regulated by the murine double minute-2 gene (MDM2). MDM2 is regulated in part by a 

TP53 responsive promoter. In cells that have a functional TP53, the MDM2 inhibits by direct 

and tonic interaction its activity (Vassilev et al., 2004). Therefore, by using inhibitors of the 

MDM2-TP53 interaction in tumour cells it can promote the levels of TP53 and eventually the 

induction of cell cycle arrest and apoptosis (Figure 14) (Stommel and Wahl, 2004). Such a 

treatment that can inhibit the MDM2-TP53 interaction is called nutlin and it might be a new 

therapeutic strategy for CLL patients (Secchiero et al., 2006). This study by Secchiero et al., 

2006 has shown that Nutlin 3 triggers apoptotic pathways in B-CLL cell samples. From the 29 

B-CLL patient samples 28 showed to be vulnerable to nutlin 3 cytotoxicities. Further 

experiments showed that 10 B-CLL samples expressed p53 due to nutlin 3, although only a 

minority expressed MDM2 (Figure 15). This phenomenon was attributed to the B-CLL cells 

since all control samples displayed normal induction of MDM2. Also, cytotoxicity on B-CLL 

cells which was induced by nutlin 3 was tested whether it was caused by apoptosis. They 

exposed B-CLL cells to nutlin 3 (10 μM) for 24 hours. They found a significant increase in the 

annexin-V–positive cells (indicate cells in late apoptosis) suggesting that nutlin 3 causes 
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cytotoxicity through apoptosis (Figure 16). Interestingly, the cytotoxic activity of nutlin-3 in B-

CLL cells is enhanced by combinations of treatments such as fludarabine or chlorambucil in 

concentrations that are minimally toxic toward normal B lymphocytes which are very important. 

Although, while these data are promising their observations require further preclinical evaluation 

for the treatment of CLL. 

 

 

Figure 14: Molecular interaction between MDM2-TP53. MDM2 is expressed through the 

interaction with p53. MDM2, as a result, inhibits p53 activity because it stimulates its 

degradation in the nucleus and the cytoplasm which as a result blocks its transcriptional activity. 

Various DNA damaging agents or altered oncogenes can induce the p53 activation due to the 

promotion of p53 and MDM2 phosphorylation. Also, activated oncogenes cause the activation of 

ARF proteins which interact with MDM2 sequestering it into the nucleolus preventing p53 

degradation and promoting apoptosis, growth arrest, DNA repair, and senescence. Conversely, 

Akt activation enables the nuclear import of MDM2 which destabilizes p53. The figure is taken 

by M Moll and Petrenko, 2003. 
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Figure 15: MDM2-p53 interaction induction under nutlin 3 treatment. (A) Western Blot 

analysis for 10 patient samples showed a variable expression of p53 and low expression of 

MDM2 (nos 25, 26). (B) Investigation of normal cells (CD19+ B cells, PBMCs, and BMMCs) 

indicated normal expression of MDM2. High constitutive and unmodified level of patient 

number 27 indicates p53 mutation. The figure is taken by Secchiero et al., 2006. 
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Figure 16: Nutlin 3 causes cytotoxicity through apoptosis. B-CLL cells were exposed to 

nutlin 3 for 24 hours stained with V–FITC/PI and subsequently analyzed by flow cytometry. 

Induction of apoptosis in nutlin 3 treated B-CLL samples, calculated in a significant variable (P 

< .05) increase in the percentage of annexin-V–positive cells. Gray bars indicate 5 B-CLL patient 

samples retested for response to nutlin-3 showing similar results. The figure is taken by 

Secchiero et al., 2006. 

 

About 75% of CLL cases with 17p13.1 deletion are followed by TP53 mutations. Except for 

TP53 deletions and mutations, there are other mechanisms that might be involved in the 

disruption of TP53 (Shanafelt et al., 2006) (Stilgenbauer et al., 2007). Interestingly, in 10% of 

CLL patients, TP53 is mutated, which can be inactivated by the insertion of somatic mutations 

which can occur either by the presence or absence of genomic loss (Dal-Bo et al., 2009). CLL 

patients with inactive TP53 are followed by a poor response to different chemotherapies such as 

alkylating agents and purine analogues (Hewamana and Dearden, 2011). 

 

These studies by Murphy et al., 1999, Blobel, 2000, Fuks et al., 2001 and Nasr et al., 2003 have 

shown that TP53 can influence DNA methylation through short-range interactions, as both reside 

in complexes with histone acetylases or deacetylases. In fibroblasts from Dnmt1 knockout mice, 

they found that it triggers loss of genomic DNA methylation, apoptotic and epigenetic 

deregulation, and mobilization of retroelements such as Alus (Jackson-Grusby et al., 2001). 

Also, Jackson-Grusby et al., 2001 has shown that when Dnmt1 is inactive it causes 

hypomethylation and p53-dependent apoptosis (Figure 17). Loss of Dnmt1 blocks DNA 
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replication and apoptosis through p53 leading to genetic instability. Genetic instability was 

observed by the deregulation of several genes such as Tdag, Xist, H19, Igf2, Grb10, Peg3 and 

repetitive elements (IAP, L1, G7e) (Table 1). Hypomethylation can cause DNA damage and 

subsequent cell death. Although this study didn’t identify how hypomethylation causes p53-

mediated cell death in which it would be very important for understanding how tumour cells 

acquire global hypomethylation. It’s worth mentioning that global hypomethylation and p53 

mutational inactivation were also observed in human tumours by other studies. 

 

Figure 17: Somatic cell cultures for conditional inactivation of Dnmt1. (a) A schematic of 

the cre retroviral vector that was used. Primary embryonic fibroblasts from mouse strains were 

obtained to study hypomethylation. A cre retroviral vector was used in vitro for cre-mediated 

recombination by infection of fibroblast cultures. Cre gene subcloned in the retroviral vector 

pMX-puro allowing selection of the retrovirally infected cells. (b) Methylation status by western 

blot analysis of Dnmt1. Genomic DNAs were probed with an IAP probe. The methylation status 

of Dnmt1 fibroblasts infected with pMXpuro vectors is shown. Cre-expressing fibroblasts 

showed progressive hypomethylation when at 3- to 5- days post-infection because of Dnmt1 

inactivation. The figure is taken by Jackson-Grusby et al., 2001. 
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Table 1: Deregulation of several imprinted genes by hypomethylation in fibroblast cultures. 

GeneCHIP assay on Dnmt11lox/1lox (mutant cells) and Dnmt12lox/2lox (control cells) was 

compared to each other (infected with pMXCP and pMXpuro, respectively) as both SV40-

transformed and Trp53-mutant fibroblasts. Genes induced more than two-fold with a p-value 

≤0.05 were added and categorized based on function. The green colour indicates the deregulated 

genes and the red colour indicates overexpression. 
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Experimental findings by using gene amplification assays have introduced that loss of TP53 

induces loss of DNA methylation which as a result induced uncontrolled amplification of the 

TROP1 gene which is a determinant of cell growth at the early stages of tumour development 

(Nasr et al., 2003) (Zanna et al., 2007). This study by Nasr et al., 2003 has shown by using gene 

amplification assay in vivo that p53 plays a significant role in the regulation of DNA 

methylation. When TP53 was suppressed, it caused hypomethylation and amplification of the 

TROP1 gene. TROP1 gene (38 kDa transmembrane type I glycoprotein) is a cell-cell adhesion 

regulatory molecule that is often found overexpressed in a large fraction of human cancers 

including leukaemia and is found in the 2p21 band in the human karyotype (Figure 18) (Zanna et 

al., 2007) (Klein et al., 1990) (Momburg et al., 1978).  

 

Transfected cells (Figure 19) are clonal descendants of a single gene-transfection event and 

therefore the methylation pattern of each TROP1 transfectant reveals information on the DNA 

methylation pattern of the original, single transfected gene. Southern blot analysis revealed that 

TROP1 transfectants had TROP1 gene amplification with frequent hypomethylation. Also, 

complete hypomethylation was observed at CpG sites (Figure 20, arrowhead). They further 

investigated this by treating DNA from TP53-null cell lines (mut/mut B) with S-adenosyl-

methionine and SssI methylase (used to study cytosine methylation). They observed in vitro 

DNA methylation at CpG sites of the Li–Fraumeni cell lines (Figure 21). Subsequently, the Li–

Fraumeni cells were transfected with the methylated DNA and the TROP1 transfectants were 

selected for gene amplification. Notably, they observed that the in vitro methylation annihilated 

the amplification of the TROP1 gene from the Li–Fraumeni cells (Figure 22). This suggested 

that the uncontrolled amplification of the TROP1 gene was due to hypomethylation of the gene 

and due to the absence of TP53, therefore, understanding molecularly how this is achieved it 

could provide critical information about the progression of tumours. 
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Figure 18: The location and chromosome region of TROP1 gene. (a) Fluorescence in situ 

hybridization revealed the exact location of the mTROP1 gene in the mouse embryo. In the 

mouse embryo, it was found at chromosome 17, band 17E5 which corresponds to the 2p21 band 

in the human karyotype where the TROP1 gene maps (Calabrese et al., 2001). Left upper image 

represents co-hybridization with a chromosome 17 specific probe (white arrows) and λ phage 

probes having the mTROP1 gene (red arrows). The right upper image shows hybridization with 

only the mTROP1 probe (red arrows). (b) The chromosome regions for both murine 

chromosome 17 and human chromosome 2 while indicating the with red rectangles the map 

location. The figure is taken by Zanna et al., 2007. 
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Figure 19: Selection of Trop-1-expressing cells were selected by immunofluorescence flow 

cytometry. DNA was extracted from Li–Fraumeni cell strains or control cells and transfected in 

L cells. HAT medium was used to obtain the transfected L cells. The cells that expressed the 

TROP-1 gene were selected by flow cytometry and further analyzed by Southern blotting. The 

figure is taken by Nasr et al., 2003. 

 

Figure 20: Hypomethylation causes TROP1 gene amplification in transfectant cells. The 

DNA samples were digested with BamHI and with HpaII or MspI. 1st: first sort and 2nd: second 

and final sort indicate the successive cycles of selection for transfectants. In tr 2 and tr 3 there is 

a marked hypomethylation of the amplified DNA on the TROP1 transfectants (mut/mut B) 

(arrowhead). The figure is taken by Nasr et al., 2003. MARIO
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Figure 21: DNA methylation of the Li–Fraumeni cells. Southern blot analysis revealed DNA 

methylation at CpG sites with S-adenosyl-methionine as a methyl donor. DNA from TP53-null 

cell lines (mut/mut B) were treated with S-adenosyl-methionine and SssI methylase. Also, the 

DNA samples were digested with HpaII or MspI. The figure is taken by Nasr et al., 2003. 

 

Figure 22: Lack of amplification of DNA TROP1 transfectants. Southern blot analysis 

revealed no gene amplification of DNA TROP1 transfectants while indicating the status of TP53. 

The donor DNA was methylated in vitro with the SssI methylase. Untreated DNA was obtained 

at the same frequency as DNA TROP1 transfectants. PBL indicates human peripheral blood 

leukocytes and L: untransfected L cells. The figure is taken by Nasr et al., 2003. 
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Also, this study by Zanna et al., 2007 has shown the expression of TROP1 under tumour 

progression. They analyzed fresh keratinocytes, immortalized keratinocytes, and cell lines at 

different stages of skin carcinogenesis. They observed in fresh murine tissues a high expression 

of mTROP1 in the colon (Ileum colon) and duodenum (first part of the small intestine) whereas a 

clear expression was observed in the kidney and lung. Low expression was observed in the liver 

and spleen and no expression was observed in the brain, heart, and muscle (Figure 23. a). 

Consequently, they analyzed different cell lines from different stages of skin carcinogenesis 

(Figure 23, b) and they observed expression in squamous carcinomas cells (SN161) and in 

immortalized keratinocytes (C5n), low expression was observed in papilloma cells (2P6) and in 

B9 (squamous carcinomas) whereas no expression was observed in spindle carcinoma cells 

(Carc-C, Carc-B, A5). All these indicated that the expression of mTROP1 at the early stages of 

tumour progression is followed by a potential growth advantage characterized by a rapid growth 

proliferation of the cells. This was validated when both mTROP1 and hTROP1 transfectants 

were followed by a markedly stimulated growth in relation to the vector-transfected cells (Figure 

24). They also visualized in vivo the expression of TROP1 in mouse and men at early stages of 

tumour development (Figure 25) (Figure 26). Altogether, these two studies suggest that TP53 

induces loss of DNA methylation which as a result induces the uncontrolled amplification of the 

TROP1 gene which is a determinant of cell growth at the early stages of tumour development. 

Therefore, loss of TP53 can cause DNA hypomethylation and DNA methylation-dependent gene 

amplification. Further analysis between TP53 and DNA methylation and TROP1 may shed light 

on the mechanism and subsequently on new therapeutic approaches in chronic lymphocytic 

leukaemia. 
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Figure 23: mTROP1 expression during tumor progression. (a) Northern blot analysis 

revealed in fresh murine tissues mTROP1 expression. (b) Cell lines representative of different 

stages of skin carcinogenesis were also analyzed. 3LL stands for lung carcinoma cell line, Carc-

C, Carc-B, A5 are spindle cell carcinomas, B9 and SN161 are squamous carcinomas, 2P6 are 

papilloma and C5n immortalized keratinocytes cell lines. The filters applied were hybridized by 

the murine TROP1 (EGP-314) cDNA probe (arrow). 8S and 18S rRNA are also indicated 

(arrowheads). The figure is taken by Zanna et al., 2007. 
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Figure 24: Growth of mTROP1 and hTROP1 transfectants. ((a) In vitro: the growth rate of 

the murine immortalized, nontumorigenic epithelial cell line of thymic origin (MTE 4–14) 

transfected with hTROP1, mTROP1 and vector alone. (b) In vivo: the growth rate of the L cell 

(tumorigenic cell line) transfected with hTROP1, mTROP1 and vector alone. Red colour 

indicates human TROP1 transfectants, the blue colour indicates murine TROP1 transfectants and 

black colour indicates transfection with vector only. The figure is taken by Zanna et al., 2007. 

 

Figure 25: Marked induction of TROP1 in dysplastic crypt foci of ApcMin mice. 

Immunohistochemical staining for mTROP1 in the small intestine of murine shows TROP1 

induction, an early focal hyperplasia/low-grade dysplasia (Magnification: 20x). The right bottom 

image shows a strong immunoreactivity for TROP1 to a focal area in the context of dysplastic 

glands (Magnification: 40x). The figure is taken by Zanna et al., 2007. 
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Figure 26: Marked induction of TROP1 in the human stomach. (a) Immunohistochemical 

staining for hTROP1 in the human fundic gastric mucosa shows no immunoreactivity in the 

normal gastric mucosa. hTROP1 positivity is presented in the glands showing intestinal 

metaplasia (magnification: 10x). (b) The gastric mucosa shows well-developed goblet cells and 

enterocytes with high expression of TROP1 (magnification: 20x). (c and d) TROP-1 is found 

highly expressed in hyperplastic areas of intestinal metaplasia (Magnification: 40x). The figure is 

taken by Zanna et al., 2007. 
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11q22-q23 deletion 

 

Another chromosomal aberration that was observed in CLL patients is the deletion of 11q22-q23 

in which it’s observed in ~35% of the total cases of CLL (Figure 27). 

 

Figure 27: Location of 11q22.3 deletion. The ATM probe is 182 kb (red colour) and covers the 

end of the NPAT gene and the centromeric end of the ATM gene to just beyond the D11S3347 

marker. NPAT gene encodes the nuclear protein NPAT of the ATM locus. The D11Z1 is a 

control probe for the 11 centromere (green). The figure is taken by CytoCell ATM Deletion, 

2021. 

 

This deletion makes the progression of CLL evolve rapidly which as a result causes a shorter 

overall survival (68% 5-year overall survival) (Döhner et al., 2000) (Grossmann et al., 2012). 

This aberration targets the gene coding for ataxia-telangiectasia mutated (ATM) (Figure 28) 

(Austen et al., 2005). 
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Figure 28: Location of 11q22.3-11q23.3 deletion by using Array comparative genomic 

hybridization (Array CGH). This analysis revealed an 8.97 Mb deletion at chromosome 

11q22.3-11q23.3 which include the ATM gene by using classic G-band karyotyping with array 

CGH methods. The figure is taken by Liu et al., 2014. 

 

ATM is a kinase that acts upstream of TP53 and controls the DNA damage response (DDR) 

which is a very important pathway for resolving double-stranded DNA breaks (DSBs) 

(Grossmann et al., 2012) (Kwok and Stankovic, 2019). DDR pathway contains sensors that 

detect damaged DNA and activate a cascade of signal transducers which causes the activation of 

DDR effectors such as cell cycle arrest, DNA repair and apoptosis (Figure 29) (Ray and Fry, 

2015) (Sulli, Di Micco and di Fagagna, 2012). Therefore, this deletion can disrupt the DNA-

repair mechanisms, causes genomic instability and a more-aggressive disease (Cagnetta et al., 

2017). 
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Figure 29: Molecular Pathway of DDR. DDR pathway is comprised of two DNA damage 

sensors, the MRE11–RAD50–NBS1 (MRN) complex which is the first sensor that detects DNA 

double-strand breaks (DSBs), the replication protein A (RPA) and the toroidal damage 

checkpoint complex RAD9–RAD1–HUS1 (9-1-1). These sensors recruit ATM through the MRN 

complex and ataxia telangiectasia and Rad3-related (ATR) through RPA and the 9-1-1 complex. 

This causes phosphorylation of H2AX on Ser139 or γH2AX in the proximal region of the 

damaged DNA. ATM is mainly activated by DSBs in which is helped by ATR under activation 

of various oncogenes. γH2AX acts as a recruit mediator of DNA damage checkpoint 1 (MDC1) 

which enhances DDR signalling through the high accumulation of the MRN complex and 

activation of ATM. BRCA1 acts at sites of damaged DNA on phosphorylation by ATM and 

ATR. ATM activation sustains DDR signalling through the p53-binding protein 1 (53BP1) 

which then leaves so the downstream kinases CHK2 (which is mainly phosphorylated by ATM) 

and CHK1 (which is mainly phosphorylated by ATR) can activate the effectors p53 and the cell 

division cycle 25 (CDC25) phosphatases. This results in apoptosis, cell cycle arrest and 

subsequently to DNA repair or cellular senescence. The figure is taken by Sulli, Di Micco and di 

Fagagna, 2012. 
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This study by Lavin & Shiloh, 1997 has introduced that humans that lack ATM are followed by 

ataxia-telangiectasia, which is a multisystem disease that causes genomic instability, mild 

immunodeficiency, and a predisposition to developing lymphoid tumours with translocations 

involving antigen receptor loci. Also, further studies from Barlow et al., 1996 Elson et al., 1996 

and Xu et al., 1996 have shown that mice deficient to ATM recapitulate the ataxia-telangiectasia 

phenotype in humans which are also followed by excessive lymphoid hallmarks. This study by 

Barlow et al.,1996 has shown that mutant female and male (ATM locus knockout) mice weighed 

significantly less in relation to their wild type littermates and couldn’t grow substantially under 

normal culture conditions (Figure 30). They further investigated potential immunological 

abnormalities in these mice, and they observed that between the age of 2 to 4 months the mutant 

mice developed thymic lymphoblastic lymphomas (Figure 31). Their tumours were widely 

metastatic and grew rapidly causing heart and lung compression and metastasis and consequently 

death at the age of 4.5 months. This study by Xu et al., 1996 also observed with histological 

analysis thymic lymphomas in ATM knockout mice (Figure 32). 

 

Figure 30: ATM knockout mice exhibit growth abnormalities. (A) ATM knockout female 

mice and (B) ATM knockout male mice weighed significantly less in contrast to their wild type 

littermates from age 8 days to 3 months. Embryonic fibroblasts captured from these mutant mice 

were unable to grow substantially under normal conditions. Closed squares indicate the wild type 

animals or cells and open circles the ATM knockout mice or cells. The figure is taken by Barlow 

et al.,1996. 
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Figure 31: ATM knockout mice develop thymic lymphoblastic lymphomas. (A) 

Hematoxylin and eosin staining in tissues of ATM knockout mice revealed primary tumours with 

monomorphic lymphoblastic cells (B) and cells that are ready to divide and create two new cells. 

(C) The tumour grew in a way that invaded the subperiosteal hematoma and the bone marrow. 

(D) Chromosomal aberrations using SKY demonstrated these translocations t(12;10), t(14;13), 

and t(14;15) and an insertion ins(6;14) (white arrows) on early passage cells which might reflect 

karyotypic abnormalities intrinsic to the tumour. The figure is taken by Barlow et al.,1996. 
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Figure 32: Histological analysis of ATM knockout mice present thymic lymphomas. (A) 

Physical appearance images of normal mice showed a normal appearance of thymus (B) whereas 

ATM knockout mice showed thymic lymphomas (white arrow) when at 3-month-old. (C) 

Hematoxylin and eosin staining showed normal thymus sections and (D) thymic lymphomas. C 

indicates the cortex and M the medulla. The figure is taken by Xu et al., 1996. 

 

The deletion of 11q22-q23 is commonly found in CLL cases with unmutated IGHV (Dal-Bo et 

al., 2009). A genome-wide analysis of DNA methylation by HpaII tiny fragment Enrichment by 

Ligation-mediated PCR Assay (HELP Assay) which is a technique used for determining whether 

DNA has been methylated has shown that CLL patients with 11q22-q23 abnormalities or 

deletion are displaying significant hypomethylation levels (Figueroa et al., 2010). Also, this 

study by Morenos et al., 2014 identified as well that leukemic patients with 11q22-q23 

abnormalities or deletions are displaying significant hypomethylation levels. While there were 

studies that showed that leukemic patients are displaying hypomethylation levels there are 

limited studies about how these deletions of 11q22-q23 and 17p13.1 are connected with 

retrotransposon methylation in CLL. More specifically there are two studies in which they have 

introduced genetic instability along with retrotransposon methylation. The first study is from 

Fabris et al., 2011 reporting that there are significant hypomethylation levels of LINE-1 and Alus 

which is strictly related to 17p13.1 deletions. The second study is from Hoxha et al., 2014 in 

which they introduced that there are associations between LINE-1 and Alu methylation with 

telomere length. These observations are further confirmed by showing that telomere length is 
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connected with both 11q22-q23 and 17p13.1 deletions and mutations in ATM which together 

link methylation of retrotransposons, telomere length and generation of genetic abnormalities in 

CLL (Figure 33) (Strefford et al., 2015). Further extensive evidence has also linked loss of 

retrotransposon methylation to their activation and genetic instability in solid tumours (Symer et 

al., 2002) (Daskalos et al., 2009). 

 

 

Figure 33: Telomere length is connected with both 11q22-q23 and 17p13.1 deletions and 

ATM mutations. Kaplan-Meier plots of mean telomere length for (A) progression free-survival, 

and for (B) overall survival in three groups ((telomere length - short (<50 percentile), 

intermediate (50-75 percentile) and long (>75 percentile)). 96 patients in the long telomere 

length group had 4.0 and 9.9 years of progression-free survival and overall survival respectively. 

(C) The presence and absence of each biomarker according to the telomere length groups in 170 

CLL patients with complete TP53 and ATM deletion. Each short vertical line under the telomere 

length group name corresponds to a single patient. Black boxes indicate the presence of the 

biomarker, grey boxes indicate the absence of the biomarker and white boxes indicate missing 

data on the particular biomarker. The intermediate and the short telomere length groups were 

followed by unmutated IGHV genes, TP53 abnormalities, biallelic ATM inactivation, and MARIO
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genomic complexity at a higher frequency in relation to the long telomere length group. The 

figure is taken by Strefford et al., 2015. 

 

It’s worth mentioning that these studies by Fabris et al., 2011 and Hoxha et al., 2014 have used a 

pyrosequencing-based approach that was only focused on specific subfamilies (L1HS and 

AluSx) because of their relative abundance in the genome and as surrogate markers of DNA 

methylation. The pyrosequencing-based approach is a DNA sequencing technique that is based 

on the chain of enzymatic reactions during the DNA synthesis that relies on the detection of 

pyrophosphate release into the complementary strand and in the light which is generated as a 

result of luciferin oxidation by luciferase on nucleotide incorporation (Ramon et al., 2003). This 

approach has provided novel information about the disease, but they were unable to study the 

complex system of retrotransposon DNA methylation in CLL. These studies have suggested that 

DNMTs are thought to be crucial for DNA methylation although, they didn’t observe any 

significant correlation between the expression levels of DNA hypomethylation and DNMTs 

which contradicts to what is been already introduced in this paper. Also, while they suggested 

that DNMTs expression might be independent of TP53 deficiency in CLL tumours they revealed 

a novel prognostic marker for CLL called SAT-a repetitive element.  

 

In contrast, this study by Barrow et al., 2020 has demonstrated a novel way to analyze locus- and 

evolutionary subfamily-specific retrotransposons using the Illumina Infinium Human 

Methylation 450K microarray platform. They analyzed publicly available data from the 

International Cancer Genome Consortium (European Genome-phenome Archive accession 

number: EGAS00001000272). It’s important that they obtained approval from the Northeast - 

Newcastle & North Tyneside 1 Research Ethics in which all donors provided written informed 

consent. Consequently, HM450K probes mapping to CpG sites within retrotransposons 

were identified using the Data Integrator function of the UCSC Genome Browser34 in which 

they identified 13,130 microarray probes mapping to 37 Alu subfamilies. From these 10.782 

probes were differentially methylated only in CLL individuals. From the 10.782 hypomethylated 

probes, nine were highly frequent in CLL patients (Table 2). This was achieved by t-test, with 

correction for false discovery rate (FDR) by the Benjamini-Hochberg method in R platform MARIO
S PRODROMOU
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(version3.4.0) using ggplot2, heatmap2, qqman and corrplot packages, and GraphPad (version 

7.0b). 

 

Table 2: The top nine differentially methylated retrotransposon loci in CLL. The top 

differentially methylated loci in CLL patients in comparison with the normal CD19+ B cells from 

healthy individuals. Mean methylation levels (β) for both are presented along with mean 

methylation change (Δβ), FDR-adjusted P value, genomic location (‘chr.’) and feature, relation 

to enhance region and CpG island. Table taken by Barrow et al., 2020. 

 

 

The potential of this approach may be very beneficial if it is widely used as because identifying 

the exact retrotransposon loci that are significantly hypomethylated it could provide new novel 

therapies for CLL. Also, a summary of the most frequent cytogenetic aberrations that are 

observed in CLL that can be used as individual biomarkers along with their prognostic value can 

be observed in Table 3. 
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Table 3: Most frequent cytogenetic aberrations that are observed in CLL. In this table you 

can see the frequency, the 5-year overall survival, the features and deletions that are associated 

with each specific lesion of all the explained cytogenetic aberrations in CLL. 

 

 

The influence on different treatment strategies 

 

As technology advances our understanding of CLL is year by year increasing. Recent advances 

have enabled scientists to uncover and dissect cytogenetic abnormalities that underpin CLL. 

Along with the emergence of new drugs, the treatment strategy for CLL patients has shifted from 

universal chemoimmunotherapy to a more specialized individualized approach. When at 

diagnosis, the assessment of the mutational status of IGHV, molecular cytogenetics (FISH) and 

the mutational status of TP53 are highly recommended in the guidelines of the International 

Workshop on Chronic Lymphocytic Leukemia (iwCLL). This is to ensure that a patient with 

CLL will have a proper diagnosis, indications for treatment, response assessment, and supportive 

management. Also, the already mentioned molecular tests are considered highly mandatory due 

to their ability to provide data that can help the patient to receive the best therapeutic strategy. 

Therefore, treatment decisions for CLL patients lie on symptoms and classification into low, 

medium, and high-risk categories (Rai staging or Binet staging system). 
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First-line treatment-naive CLL patients 

 

BTK or also known as Bruton’s tyrosine kinase is encoded by the BTK gene in humans and it’s 

important for the B cell receptors pathway because it mediates the development, function, and 

survival of the B cells (Küppers, 2005). BTK has been associated with B cell malignancies such 

as CLL and in recent years has been thought to be an important therapeutic strategy (Akinleye et 

al., 2013). B cells that become dysfunctional it’s because they become overexpressed and 

continuously activated which as a result causes the cells to thrive in the peripheral blood, bone 

marrow and lymph nodes (Wiestner, 2014). By inhibiting BTK can reduce the growth and 

survival signalling of malignant B cells (Figure 33) (Xue et al., 2020). This statement is further 

supported with this study by Woyach et al., 2014 in which they selectively downregulated the 

expression of BTK protein by small interfering RNA (siRNA) in primary tumour cells from 31 

CLL patients. They observed a significant reduction in the survival of CLL tumour cells and 

stimulation of apoptosis in relation to the control ones (Figure 34). 
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Figure 33: Structure of BTK and associated signaling pathways. (a) BTK has five structural 

domains, the PH domain is involved in the recruitment of BTK on the cell membrane, TH along 

with SH3 and SH2 are involved in the binding with multiple proteins whereas the kinase domain 

activates BTK and the C481 (binding site of ibrutinib). (b) BTK activation and inactivation by 

BTK inhibitors. The left figure represents the extracellular antigen bond BCR in which BTK can 

mediate biological processes by activating several pathways such as NF-kB, MAPK, NFAT, and 

mTOR pathways. The right figure represents small-molecule BTK inhibitors that inhibit 

downstream pathways of the BCR pathway such as NF-kB, MAPK, and NFAT which as a result 

causes anti-tumour activity in B cell lymphoma. The figure is taken by Xue et al., 2020. 
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Figure 34: Knockdown of BTK reduces the survival of CLL tumor cells. (A) Under 

knockdown of BTK by siRNA a western blot analysis was performed 72 hours later after 

nucleofection with BTK-specific siRNA and control. BTK reduction levels are observed (%). (B) 

CLL tumour cells survival after 72 hours after nucleofection with BTK-specific siRNA and 

control. Viable CLL cells were determined based on the percentage of cells negative for PI and 

Annexin V (healthy cells). BTK siRNA cells had a significantly reduced cell viability in contrast 

to the control siRNAs. (C) CLL tumour cells after nucleofection with BTK-specific siRNA and 

control and co-incubation with stromal cells and stimulation with IgM were tested for cell 

viability. CLL tumour cells viability was significantly reduced indicating induction of apoptosis 

under BCR activation and stromal protection. The figure is taken by Woyach et al., 2014. 

 

A treatment called ibrutinib it’s highly recommended for patients that have TP53 

dysfunction/mutations. Ibrutinib was the first BTK inhibitor treatment to be examined for 

patients with CLL. In February 2014, FDA approved ibrutinib for patients with relapsed or 

refractory CLL (FDA Approves Imbruvica (Ibrutinib for CLL), 2014) and two years later in 

March 2016 it was further approved for treatment-naïve patients (FDA Approves Imbruvica 

(ibrutinib) for the First-Line Treatment of CLL, 2016). According to the National 

Comprehensive Cancer Network guidelines, this treatment is recommended as a first-line 

treatment for all CLL patients (Treatment by Cancer Type, 2019). 
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Several studies have shown that ibrutinib is followed by improved progression-free survival, 

overall survival, and overall response rate for CLL patients (Byrd et al., 2014) (Burger et al., 

2015) (Kipps et al., 2019). In contrast, this study by Ahn et al., 2017, which was published a year 

after the approval has warned that 17p13.1 deletion and TP53 dysfunction/mutation remains a 

risk factor for disease progression on BTK-inhibitor therapy. The mechanism of this treatment 

lies in the active substance ibrutinib which works against the dysfunctional B lymphocytes. This 

is achieved by the blockage of the enzyme BTK which it’s an enzyme that promotes the survival 

of B lymphocytes and their migration to the organs (Imbruvica (ibrutinib), 2021). 

 

In patients that do not have a TP53 dysfunction/mutation, the assessment of IGHV mutational 

status is vital. Long-term studies about CLL patients with mutated IGHV had a durable response 

of more than 10 years when treated with Fludarabine, Cyclophosphamide, and Rituximab (FCR) 

(Fischer et al., 2016) (Thompson et al., 2016). Therefore, for CLL patients with mutated IGHV 

has been suggested that FCR or bendamustine plus rituximab (BR) can be used as the most 

preferred chemoimmunotherapy treatments. To those patients that will probably not tolerate FCR 

or BR, there are other less intense drug combinations. Combination of chlorambucil with a CD20 

monoclonal antibody such as obinutuzumab, ofatumumab and rituximab are some of the 

examples (Hallek et al., 2010) (Goede et al., 2014) (Thompson et al., 2016) (Fischer et al., 2016). 

It’s worth mentioning that when ibrutinib with or without CD20 monoclonal antibodies when 

treated in low-risk patients the outcomes are similar to those observed under 

chemoimmunotherapy treatments (Woyach et al., 2018) (Shanafelt et al., 2018) (Moreno et al., 

2019).  

 

Treatments that are based on BTK inhibitors must be administered continuously because 

minimal residual disease-negative responses are not achievable with these drugs. Therefore, this 

prompts us to new issues which are related to long-term toxicities, compliance, drug interactions 

and cost. Indeed, in the last decades, the outcome for CLL patients is much improved in which 

the overall survival for patients is dependent on the course of different treatments during the 

course of the disease (Brown et al., 2017). Another aspect that is important for the course of the 

disease is the patients with relapsed/refractory CLL. Historically, these patients had restricted MARIO
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treatment options and the majority of them were unsatisfactory, although, this situation has 

changed and now there are some very good options for these patients. 

 

Treatment of relapsed or refractory chronic lymphocytic leukemia 

 

In patients with relapsed or refractory CLL, the chemotherapy induces short-lasting responses in 

which the progression-free survival is less than 2 years (Badoux et al., 2011) (Fischer et al., 

2011). This is attributed to the acquisition of resistant clones selected by previous therapies and 

to the difficult completion of the treatment because of their excessive toxicity (Bosch and Dalla-

Favera, 2019). The median progression-free survival in already treated patients with ibrutinib is 

~51 months (O’Brien et al., 2018). FDA in 2018 has approved a combination of rituximab and 

venetoclax as an early option for these patients (Seymour et al., 2018).  

 

Another BTK inhibitor that can be used is acalabrutinib in which was first approved to treat 

mantle cell lymphoma in 2018. Acalabrutinib belongs to the class of imidazopyrazines and when 

administered it can inhibit BTK activity which as a result will prevent the activation of the B cell 

antigen receptor signalling pathways. Consequently, it inhibits the activation of both B cells and 

BTK-associated downstream signalling survival pathways which can ultimately decrease the 

malignant B cells that overexpress BTK (Acalabrutinib, 2021). Taken together, both ibrutinib 

and acalabrutinib can inhibit the BTK signalling pathways which as a result can reduce the 

production of tumour cells (Figure 35) (Zhu et al., 2021). 
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Figure 35: Effects of Ibrutinib and Acalabrutinib and BTK signaling pathways in 

macrophages. Both ibrutinib (IBR) and acalabrutinib (ACB) can inhibit major proximal events 

and downstream effectors of TLR-, NLRP3-, TREM- 1-, and Dectin-1 through BTK-dependent 

mechanisms (indicated as purple boxes) suggesting their potential in reducing the production of 

tumour cells. Ibrutinib can alter the function of α4β1-, FcγR and AKT-Mtor through BTK-

dependent mechanisms (indicated as dashed purple boxes). Also, in contrast to acalabrutinib, 

ibrutinib can alter the function of FcγR-mediated ADCP of opsonized CLL cells by macrophages 

via BTK-independent mechanisms through off-target inhibition of TEC (indicated as blue 

boxes), suggesting that both drugs have a differential potential in combination therapies. The 

figure is taken by Zhu et al., 2021. 

 

This treatment has a higher toxicity profile than ibrutinib because of its high specificity resulting 

in a 95% objective response rate in patients with relapsed or refractory CLL (Byrd et al., 2016). 

Idelalisib, which is a PI3Kδ inhibitor is another approved treatment for these patients. This drug 

is specific for use after treatment with ibrutinib and venetoclax because it’s been associated with 

high toxicity causing autoimmune complications and an increased risk of opportunistic infections MARIO
S PRODROMOU
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such as diarrhoea 42%, pneumonitis 20% and hepatotoxicity 16% (Furman et al., 2014) (de 

Weerdt, Koopmans, Kater and van Gelder, 2017).  

 

There are many novel treatments that are under investigation in early phase clinical trials and 

there are also novel targeted therapies that are used. Although, we need to comprehend that 

hypomethylation of key genes can induce therapy resistance in cancer tumours. This study by 

Luzhna et al., 2010 indicated that diminished radiation responsiveness was strictly associated 

with DNA hypomethylation in radiation-resistant cells. However, radiation resistance was 

efficiently reversed under SAM (methyl donor) treatment (Figure 36) (Figure 37). Also, the 

researchers concluded that we have to find a perfect balance of DNA methylation in order to 

ensure a better efficacy for both drug and radiation responsiveness. In contrast, this study by 

Yosifov et al., 2020 indicated that they couldn’t correlate chemoresistance with epigenetic 

changes such as DNA methylation. The role of DNA methylation in the resistance to therapy in 

solid tumours is understudied. Recent advances in applied genetic engineering and genome 

editing can reinforce the already existing ones to provide new ones that could target DNA 

methylation in CLL patients (Romero-Garcia, Prado-Garcia and Carlos-Reyes, 2020).  

 

Such an example is the clustered regularly interspaced short palindromic repeats/associated 

protein 9 (CRISPR/Cas9) which is a specific system that enables the addition or removal of 

DNA from the genome. The evolvement of genetic engineering has given us a new version of 

CRISPR called Nuclease-dead Cas9 (Cas9). Cas9 is an enzymatically inactive mutant of Cas9 in 

which the endonuclease activity is been removed but the DNA binding activity is preserved. 

Cas9 was also associated with DNMTs or ten-eleven translocation-1 enzymes. This as a result 

generated new systems such as the dCas9-DNMT3A and the dCas9-TET1 in which they have the 

ability to generate methylation and hypomethylation on specific genes in a specific-sequence 

manner. Therefore, CRISPR is a new powerful tool that is very promising in the fight against 

CLL or other cancers and in the acquisition of therapy resistance (Vojta et al., 2016) (Liu et al., 

2016). 
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Figure 36: Radiation-induced apoptosis in MCF-7 breast adenocarcinoma cells and their 

doxorubicin-resistant variant MCF-7/DOX cell. An Annexin V-FITC assay for control non-

irradiated (CT) and irradiated with 5 Gy of X-rays cells (IR) lower levels of apoptosis in MCF-

7/DOX cells in contrast to MCF-7 cells. IR (ionizing radiation) can induce DNA damage and 

apoptosis while MCF-7/DOX cells were resistant to radiation-induced apoptosis. Black bars 

indicate the MCF-7 cells and grey bars – MCF-7/DOX cells. The figure is taken by Luzhna et al., 

2010. 

Figure 37: DNA methylation levels for both MCF-7 and MCF-7/DOX cells. (A) A cytosine 

extension assay for control (CT) and irradiated cells (IR) with 5 Gy of X-rays. (B) A cytosine 

extension assay for control (CT) and irradiated cells (IR) for 100 mM SAM treated (SAM) and 

irradiated with 5 Gy of X-rays after SAM treatment cells (SAM + IR). Black bars indicate the 

MCF-7 and grey bars the MCF-7/DOX cells. SAM-treated and IR cells caused an increase in 

methylation levels (CCGG sites) MCF-7 (up to 90%) and MCF-7/DOX cell lines (up to 70%). 

The figure is taken by Luzhna et al., 2010. 
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Quality of Life 

 

CLL patients are very commonly followed by progressive defects in both cell-mediated and 

antibody-mediated immunity including hypogammaglobulinemia and B cell and T cell 

quantitative and functional defects. The progression of CLL causes a degree of immune 

impairment which gets worse very fast. Also, under immunosuppressive treatments such as 

purine analogue chemotherapies, anti-CD20 monoclonal antibodies or drugs that inhibit kinases 

involved in immune receptor signalling then these patients are at higher risk to develop 

infectious complications (Forconi and Moss, 2015) (Kipps et al., 2017). 

 

The most observed infection in CLL patients involves bacterial infections in the respiratory tract 

(Forconi and Moss, 2015) (Kipps et al., 2017). Usually, it is treated with intravenous 

immunoglobulin replacement therapies which they can mitigate the risks of infections, 

particularly in patients with hypogammaglobulinemia who have a more life-threatening infection 

(Albin and Cunningham-Rundles, 2014) (Forconi and Moss, 2015) (Katragkou, Roilides and 

Walsh, 2018). Another way to treat these kinds of infections are immunoglobulin formulations 

which are usually administered subcutaneously and prophylactic antibiotics which are not so 

widely used but they respond well to opportunistic infections, especially in CLL patients that 

undergo treatments that alter the immune function. In contrast, there are no conducted studies 

about assessing the benefits of intravenous immunoglobulin replacement therapies against 

prophylactic antibiotics in CLL patients (Albin and Cunningham-Rundles, 2014) (Dhalla et al., 

2014) (Spadaro et al., 2016) (Perez et al., 2017). 

 

CLL patients may also suffer from autoimmune complications which are found in 25% of the 

total cases. Autoimmune complications usually target haematological lineages which as a result 

causes autoimmune haemolytic anaemia, immune thrombocytopenic purpura, pure red cell 

aplasia or autoimmune granulocytopenia (Visco et al., 2014). Autoimmune haemolytic anaemia 

is the most common complication that is found in CLL patients which accounts for more than 

12% of the total cases, and about 5% involves patients with immune thrombocytopenic purpura. 

These two complications together in CLL are considered the most commonly found diseases in 

adults. Pure red aplasia accounts for <1% of the total cases and it’s a disorder in which the bone 

MARIO
S PRODROMOU



 

61 
 

marrow stops producing erythrocytes causing reticulocytopenia. Pure red aplasia in order to be 

diagnosed it requires a bone marrow biopsy showing the absence of erythroid precursor cells 

without myelodysplasia, as well as the exclusion of viral infections that can impair 

erythropoiesis, such as Parvovirus B19, Epstein–Barr virus, viral hepatitis B or hepatitis C and 

HIV infections (Visco et al., 2014) (Means, 2016).  

 

Lastly, the rarest of all is autoimmune granulocytopenia which is found in <0.2% of CLL 

patients and it can be diagnosed by a bone marrow biopsy that shows maturation arrest at a late 

stage in granulocyte differentiation and exclusion of other causes of isolated acquired 

neutropenia (Farruggia and Dufour, 2014) (Visco et al., 2014) (Fujita et al., 2017). Again, there 

are no controlled trials for patients with autoimmune complications in CLL patients, therefore, 

the main treatment that is usually provided are corticosteroids (Hodgson et al., 2011) (Taylor et 

al., 2015). 

 

Several retrospective analyses were performed in which they showed that CLL patients are 

followed by a higher-incidence ratio to develop secondary primary malignancies such as 

melanoma, sarcomas, and lung, renal and prostate cancers. The main cause for this incidence is 

attributed to immune deficiencies which are usually found in CLL patients (Flynn, Andritsos, 

Lucas and Byrd, 2010) (Tadmor, Aviv and Polliack, 2011) (Hisada, 2001). While there were 

studies that suggested that CLL patients that undergo chemotherapy are at higher risk to develop 

secondary cancers, this study by Maurer et al., 2016 has shown that the risk is similar for both 

treated and untreated patients. 

 

Richter syndrome is a syndrome in which malignant B cells cause the transformation of CLL to a 

much more aggressive lymphoma such as diffuse large B-cell lymphoma Hodgkin lymphoma or 

Hodgkin-Reed-Sternberg-like cells surrounded by CLL cells. The incidence ratio for CLL 

patients that are most likely to develop Richter syndrome ranges from 2-7% and occurs mostly in 

patients with NOTCH1 mutations and in patients with certain stereotypical immunoglobulin 

molecules encoded by the IGHV genes (Bockorny, Codreanu and Dasanu, 2011) (Rossi and 

Gaidano, 2016). In terms of clinical suspicion, it can be observed by late-night sweats, fatigue, 

weight loss, enlarged lymph nodes and increased serum lactic dehydrogenase. In contrast, the 
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prognosis for these patients is very low, especially for those that are pretreated or are under 

treatment for CLL and for those who have clonally lymphocyte transformation related to CLL 

(Rossi et al., 2011) (Mauro et al., 2015) (Kipps et al., 2017). 

 

Overall, through research CLL patients can now be distinguished into subgroups with distinct 

clinical features which as a result improved substantially prognosis and therapies. In contrast, our 

understanding of the mechanisms that are associated with immune dysfunction and how it 

contributes to various autoimmune diseases such as autoimmune haemolytic anaemia, therapy 

resistance or therapy complications is currently understudied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 MARIO
S PRODROMOU



 

63 
 

Conclusion and Future Perspectives 
 

This review has been built to evaluate the effect of global epigenetic changes on the 

hypomethylation of Alu elements in CLL. Indeed, while global hypomethylation of Alu elements 

has been widely reported in solid tumours, there hasn’t been a fully detailed account of specific-

primary cytogenetic aberrations that are linked with hypomethylation of retrotransposons and 

how this contributes to CLL. This could be very helpful to elucidate its complex epigenetic 

mechanisms and how to regulate the disease. Thus, the aim of this review was to collect research 

papers from the literature and therefore identify specific-primary cytogenetic aberrations that are 

linked with hypomethylation of Alu elements that might be involved in driving the disease and 

mention treatments that are ready to use for patients with distinct CLL phenotypes. 

 

CLL is a chronic lymphoproliferative disorder which it’s characterized by the uncontrolled 

clonal proliferation of dysfunctional CD5+ B lymphocytes. Importantly, CLL accounts for 

~300,000 newly cases each year. The mortality rates are increasing year by year due to the fact 

that the median age of diagnosis for CLL patients is 64-70 years and therefore they are diagnosed 

too late while the disease is significantly progressed. The underlying mechanisms of this disorder 

are not fully elucidated, signifying the need to understand the biology behind CLL.  

 

Although, through the years by studying CLL we know that it might be originating from antigen-

experienced CD5-CD27 B cells and that it can be distinguished into CLL cells that express 

mutated IGHV or unmutated IGHV. The clinical outcomes for patients that express an 

unmutated IGHV will experience a more aggressive disease in contrast to those patients with a 

mutated IGHV. This is because CLL cells are derived from B cells that have experienced 

differentiation in the germinal centres, express immunoglobulin and have undergone somatic 

hypermutation and/or class-switch recombination. Also, the mutational status of IGHV is driven 

by distinctive epigenetic programming pathways especially the patients that express unmutated 

IGHV. While in recent years more and more research papers publish evidence of epigenetically 

silenced genes, we still struggle to understand how DNA methylation is involved.  
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DNA methylation is a very crucial epigenetic mechanism whose main function is to regulate 

gene expression through the recruitments of proteins that are necessary for gene suppression or 

to inhibit transcription factors. DNA methylation is catalyzed by DNMTs which are specific 

enzymes that regulate gene transcription, expression and suppress retrotransposition events. The 

development of cancer is mostly caused by alterations in DNA methylation patterns which as a 

result will alter the function of gene expression and cell differentiation. A significant alteration in 

DNA methylation and in cancer is called hypomethylation of Alu elements which as a result can 

induce transcriptional re-activation of DNA sequences that are integrated into the human genome 

causing mutagenesis and carcinogenesis. AluY subfamily is considered the most active one in 

the human genome right now with huge expansions and high evolvements throughout the years 

due to its stealth driven abilities. Hypomethylation induces re-activation of Alu elements which 

subsequently causes various retrotransposition events and activation of several oncogenes 

through locus-specific hypomethylation and transcription within the retrotransposon elements. 

Also, these events at a genome-wide level can induce chromosomal instability and mutagenesis 

causing gene evolution of all the human diseases and subsequently carcinogenesis. It is believed 

that active DNA hypomethylation in CLL B cells which requires the function of the Ten-Eleven 

translocation enzyme family it may be the key to causing CLL. 

 

While various specific genomic events are seemed to be directly related to a differential clinical 

outcome and frequency between CLL patients that bear mutated-IGHV or unmutated-IGHV 

genes, to the best of our knowledge very few studies have tried to link these genomic events to 

hypomethylation of retrotransposons. Some of the most important cytogenetic aberrations in 

which about 80% of CLL patients will carry at least one of them are 13q14.3 deletion, 17p13.1 

deletion and 11q22-q23 deletion. 13q14.3 deletion has been found to be strictly associated with 

hypomethylation of retrotransposons of CpG sites. DNA hypomethylation at CpG sites on 

chromosome 13 can cause the deletion of both has-mir-16-1 and has-mir-15a which as a result 

induces the uncontrolled activation of tumour-promoting genes and subsequently the progression 

of CLL. 17p13.1 deletion can affect TP53 which is a known transcription factor. TP53 is 

regulated by MDM2 in which this relationship is disrupted when TP53 influences DNA 

methylation through short-range interactions. Also, loss of DNA methylation causes uncontrolled 

amplification of the TROP1 gene causing CLL tumour development. 11q22-q23 deletion has 
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been shown to have significant hypomethylation levels at Line-1 and Alus. Also, there were 

associations of hypomethylation of LINE-1 and Alus with telomere length. This causes re-

activation of retrotransposons and genetic instability and consequently a more-aggressive disease 

through the disruption of the ATM gene. While CLL’s epigenome is been found to be followed 

with high levels of widespread hypomethylation so far it hasn’t been widely studied, so this 

would be something for future work. Here it’s been given a thorough view of our current 

understandings about epigenetic and genetic alterations in CLL and how hypomethylation of 

retrotransposons might be implicated in this situation. Advances in the genomic, epigenomic and 

transcriptomic landscape of CLL can provide new insights about the disease and new novel 

treatments. 

 

Also, while there have been introduced several treatments that are approved and currently in use 

for patients with distinct CLL phenotypes there are also other treatments under preclinical and 

clinical investigation such as therapies that can modulate the immune system and cell 

transplantation.  

 

Such treatments are called immune-modulatory drugs such as thalidomide and lenalidomide. 

Although, while these drugs are approved, they were only used in combination with anti-CD20 

monoclonal antibodies, rituximab, or other treatments (James et al., 2014) (Chavez et al., 2016). 

Mechanistically, lenalidomide causes the expression of p21cip1/waf1 which is a well-known 

cyclin-dependent kinase inhibitor that belongs to the CIP/Kip family of cyclin-dependent kinases 

inhibitors. This expression causes the inhibition of cyclin-dependent kinase and CLL cell 

proliferation during G1 and S phases resulting in an enhanced immune synapse formation, 

enhancing immune function, and alleviating the severity of hypogammaglobulinaemia (Fecteau 

et al., 2014) (Badoux et al., 2011) (Ramsay et al., 2008). In contrast, this drug has been 

associated with high toxicity causing tumour flare, tumour lysis syndrome and 

myelosuppression. These conditions were highly found in CLL patients when treated with 

lenalidomide in contrast to other patients with other haematological symptoms indicating why it 

is not so-preferred for these patients (Kips et al., 2017). Also, when in use with other therapies 

such as anti-CD20 monoclonal antibodies or rituximab the efficacy of this drug is increasingly 

enhanced (Giannopoulos, Mertens and Stilgenbauer, 2011). The overall response rate of 
MARIO

S PRODROMOU



 

66 
 

lenalidomide as first-line therapy is 60% whereas as a salvage treatment 40% (Ferrajoli et al., 

2008) (Badoux et al., 2011). A 7-month treatment with rituximab, lenalidomide was followed 

with increased response rates at 95% for patients over 65 years of age and 78% for patients 

below 65 years of age in which progression free-survival for both groups was ~20 months 

(James et al., 2014).  

 

Another potential therapy for patients with relapsed or refractory CLL it’s allogeneic stem cell 

transplantation. Allogeneic stem cell transplantation is the transfer of stem cells from a healthy 

individual to a CLL patient after chemotherapy or radiation (Giralt and Bishop, 2008). This 

therapy is restricted because donor availability, the high patient’s age, myelosuppression 

toxicities and impaired resistance to infections limits its application. Also, its efficacy is another 

issue (Kips et al., 2017). Two clinical studies revealed that CLL patients without serious medical 

comorbidities and a median age between 53-60 the progression-free survival was 40-50% with 

overall survival of 50-70%. The deaths without recurrent or progressive disease or non-relapse 

mortality between 3-5 years were calculated at 25-40% (Guasch and Fuchs, 2005) (Dreger et al., 

2013). This therapy can have a high potential and therefore, research studies are in development 

so to design a better tolerated cell-based therapy with high curative potential.  

 

Chimeric antigen receptors (CARs) are T cells modified ex vivo to express new surface 

receptors, then are expanded in vitro and then inserted back into the patient’s body (Dai, Wang, 

Lu and Han, 2016). CARs contain an antigen-binding domain, a stalk and transmembrane region, 

an intracellular co-stimulatory signalling domain and a CD3ζ protein complex (Jackson, Rafiq 

and Brentjens, 2016). In order for the CAR gene to be inserted into the T cells, retroviral vectors 

are used. Subsequently, when the CAR T cells are subjected to the corresponding antigen then 

the antigen triggers activation and growth of the CAR T cells which eliminate the target antigens. 

In CLL cells that express antigens such as CD19 are specifically targeted using CAR technology 

(Kips et al., 2017). This study by Porter et al., 2015 has shown that by using CAR technology to 

target B-lymphocyte antigen CD19 in 14 patients with relapsed or refractory CLL the outcome 

was very promising. Of the 14 patients, four had a complete remission and four partial 

remissions. Interestingly in two patients with complete remission, the CAR T cell remained 

functional beyond 4 years. In contrast, the efficacy for patients with acute lymphoblastic 
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leukaemia was significantly increased. This was attributed to the fact that CLL patients have 

augmented qualitative defects in T cells and are much older than in patients with acute 

lymphoblastic leukaemia. Also, this therapy has some negative effects for CLL patients such as 

cytokine release syndrome which is an inflammatory syndrome causing high fever and multiple 

organ dysfunction. Although still, this therapy remains a promising one and currently there are 

large phase trials at stage II that assess the use of CAR T cell therapy in CLL patients. 

 

The development of immune checkpoint inhibitors is a revolutionary milestone in the field right 

now. Immune checkpoint inhibitors are proteins that are found on the surface of antigen-

presenting cells which are responsible for the regulation of the immune system. As cancer cells 

have the ability to evade the immune system detection and destruction by inhibiting T cells, this 

brought the idea of the development of immune checkpoint inhibitors (Sharma and Allison, 

2015) (Heinzerling et al., 2019). In CLL cells there are high levels of immune checkpoint 

receptors such as PD-1 and its ligands PD-L1 and PD-L2. CLL cells that express PD-L1 and PD-

L2 can suppress PD-1-expressing effector T cells causing exhausted and non-functional T cells 

(Ramsay, Clear, Fatah and Gribben, 2012). A preclinical study by McClanahan et al., 2015, 

indicated that PD-L1 blockade prevents immune dysfunction and leukaemia development in a 

mouse model. Although, it’s early to consider this treatment because clinical trials of immune 

checkpoint inhibitors are currently in phase I/II in which CLL patients are yet to show much 

clinical activity. 

 

All these novel treatments are most likely to be very expensive for the general public although it 

is exciting to have them under development. These treatments are a result of our understanding 

of the biology of CLL. Also, all these leukaemia-based studies indicated that through the use of 

combination therapies we can target distinctive phenotypes of CLL. Combination therapy can 

target more efficiently various B cell survival signalling pathways which as a result will 

eradicate CLL cells. Therefore, a combination between different agents that have a synergistic 

activity can result in better and effective treatments. In contrast, CLL still remains an incurable 

disease and these emerging therapies are showing great promise for the near future. 
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There is no doubt that scientific advances depend not only on new ideas, conceptual leaps, and 

paradigm shifts but also to a large extent on technological advances. The current technology 

while it is advanced still limits our ability to distinguish specific methylation patterns in cells. In 

contrast, the discovery of next-generation sequencing has enabled us to examine genome-wide 

DNA methylation patterns with single-nucleotide resolution. Through the years it’s expected that 

technology will improve significantly which as a result will reduce the costs to perform 

sequencing analysis, making the technology more accessible for the scientists, thus more 

scientific works will be performed.  

 

To study DNA methylation there are a variety of tools that can be used more frequently in the 

near future such as bisulfite sequencing of chromatin immunoprecipitated DNA. By using the 

current technologies, it is very difficult to capture the relationship between DNA methylation, 

chromatin modification and DNA sequence. Although, this tool is a novel cost-effective 

approach that enables the investigation of genetic and epigenetic processes between allele-

specific DNA methylation, histone modification and other epigenetic regulators. This is achieved 

by the direct bisulfite sequencing of Polycomb H3K27me3 (histone)-enriched DNA which as a 

result captures DNA methylation (Statham et al., 2012). Another method is methyl-seq which it’s 

a method that can analyze DNA methylation in more than 90,000 regions in the whole genome 

by performing alignment, methyl calling and subsequently calculating alignment and 

methylation metrics. This is accomplished by the use of methyl sensitive restriction enzymes 

along with next-generation DNA sequencing technology (Liu, Lin, Park and Tseng, 2019) 

(MethylSeq, 2021).  

 

Reduced representation bisulfite sequencing is another tool that analyzes and compares genomic 

methylation patterns. This tool is an efficient high-throughput technique that sequences genome-

wide methylation profiles in high-CpG genomic DNA by combining restriction enzymes and 

bisulfite sequencing (Meissner, 2005). There are also other tools that can be used to study DNA 

methylation such as oxidative BiSulfite sequencing, BiSulfite Padlock Probes, Tet-Assisted 

Bisulfite sequencing, Methylated DNA ImmunoPrecipitation sequencing and other. 
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This study by Popp et al, 2010 has performed an analysis about genome-wide DNA methylation 

with a very small sample as low as 150ng indicating how important the development of 

technology is. Another study developed an ultra-low-input, tagmentation-based whole-genome 

bisulfite sequencing to analyze the DNA methylation profiling method. This method needs only 

~10 ng of input DNA, which is 100-fold less than required by the conventional whole-genome 

bisulfite sequencing. They indicated that ~10 ng of input DNA can provide high-quality 

coverage of each strand so to study DNA methylation (Adey and Shendure, 2012). In contrast, 

while the advances of technology enabled the scientists to make new protocols in order to 

precisely quantify DNA methylation at single-nucleotide resolution using smaller samples many 

of these methods such as bisulfite sequencing and methylation-sensitive enzyme-based assays, 

are not accurate/precise enough (Tahiliani et al., 2009) (Huang et al., 2010). As there are other 

high-throughput techniques such as RNA and chromatin immunoprecipitation (ChIP) sequencing 

that are becoming more accessible to researchers the need to integrate high throughput data is 

important so as to understand how gene expression is regulated in health and disease. 

 

To conclude, this review has identified primary cytogenetic aberrations in CLL patients and how 

hypomethylation of retrotransposons might be implicated in this complex disorder. It’s been also 

introduced various treatments that are currently approved and ready to use and future novel 

treatments that could extend the quality of life for CLL patients. Advances in technology might 

be the key for CLL such as CRISPR which is a new powerful tool that is very promising in the 

field right now. In contrast, this study has raised many questions thus, future work is needed so 

to unveil accurately how these epigenetic dysregulations of Alus are affecting the genome and 

their role as potential drivers in CLL. 
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ABBREVIATIONS 
 

ABBREVIATION MEANING 

CLL Chronic lymphocytic leukemia 

IGHV Immunoglobulin heavy chain variable region 

SNPs Single nucleotide polymorphisms 

5mC 5-methylcytosine 

DNMTs DNA methyltransferase enzymes 

LINE Long interspersed elements 

SINE Short-interspersed elements 

ALUs Alu elements 

TFS Treatment-free survival 

ATM Ataxia-telangiectasia mutated 

DDR DNA damage response 

DSBS Double-stranded DNA breaks 

MRN MRE11–RAD50–NBS1 

RPA Replication protein A 

9-1-1 RAD9–RAD1–HUS1  

ATR Ataxia telangiectasia and Rad3-related 

MDC1 DNA damage checkpoint 1 

53BP1 p53-binding protein 1 

MRN MRE11–RAD50–NBS1 complex 

9-1-1 Toroidal damage checkpoint complex RAD9–RAD1–HUS1 

BTK Bruton’s tyrosine kinase MARIO
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FCR Fludarabine, Cyclophosphamide, and Rituximab 

siRNA Small interfering RNA 

CAR Chimeric antigen receptor 
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