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1. INTRODUCTION 

1.1. B cell Development 

The immune response is the result of a highly coordinated action of different cells and 

molecules that constitute the immune system. It provides protection against internal or 

external aggressors through two types of defense lines: the innate and the adaptive 

immunity. Innate immunity, mediated by macrophages, neutrophils, dendritic cells and 

natural killer lymphocytes; represents the first line of defense against microorganisms 

through rapid but nonspecific mechanisms. Meanwhile, adaptive immunity, mediated 

by T and B lymphocytes, confers an extraordinarily specific response, that can be 

cellular or humoral, with the additional ability to "remember" the recognized aggressors, 

thus offering stronger and more efficient responses after repetitive exposures to 

antigens (Abbas and Janeway, 2000).  

 B lymphocytes are considered the main mediators of the humoral response. By 

its capacity to produce antibodies with high affinity and specificity, B cells lead to the 

recognition and neutralization of virtually any potential pathogen by the immune 

system. These cells are developed through a multi-stage process that begins in 

primary lymphoid tissues (bone marrow and liver in the fetal life and bone marrow in 

the adult life), and ends with the functional maturation in secondary lymphoid organs, 

mainly constituted by lymph nodes and spleen (LeBien and Tedder, 2008). 

 The commitment to differentiation towards the B cell lineage is achieved 

through important changes in gene expression including the acquisition of different cell 

surface markers and the expression of specific proteins. These changes are tightly 

regulated, not only by successive networks of transcription factors that ensure the 

activation of lineage-specific genetic programs and the inactivation of non-required 

genes, but also by epigenetic mechanisms (Parra, 2009). 

 A central event during B cell differentiation is the assembly of the genes that 

encode the B cell receptor (BCR), a pivotal molecule in B cell biology. BCR is an 

immunoglobulin (Ig) receptor formed by the covalent association of two identical heavy 

chains (HC) and two identical light chains (LC), that additionally requires the 

heterodimer formed by Igα/Igβ for the signal transduction process (Casola et al., 2004). 

 HC and LC are composed by a variable region, which confers the diversity and 

specificity against different antigens, and a constant region related to the different 

effectors functions of the antibodies. V(D)J recombination, is the process of somatic 
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rearrangements that leads to the assembly of variable regions of the HC by combining 

different V (variable), D (diverse) and J (joining) gene segments. In the LC only V and J 

segments are recombined. The gene assembly of HC and LC and the expression of 

the BCR and its accessory molecules is achieved by highly ordered events throughout 

B cell differentiation.   

 B cells are the result of successive differentiation steps that start with 

hematopoietic stem cells (HSCs) in adult bone marrow. HSCs initially give rise, by 

asymmetric division, one stem cell and one multipotent progenitor (MPP). MPPs further 

differentiate to committed myeloid and lymphoid progenitors. The first lymphoid-

committed progenitor is the lymphoid-primed multipotent progenitor (LMPP) followed by 

common lymphoid progenitor (CLP), which can potentially differentiate into B cells, T 

cells or Natural Killer (NK) cells (Traver and Akashi, 2004). In the bone marrow the 

commitment of CLPs towards the B cell lineage comprises the differentiation 

throughout the following stages: early B (CD34+ CD19− CD10+), pro-B (CD34+ CD19+ 

CD10+), large pre-BI (CD34+ CD19+ CD10+), large pre-BII (CD34− CD19+ CD10+), small 

pre-BII (CD34− CD19+ CD10+) and immature B cells (Blom and Spits, 2006). 

 The differentiation of LMPPs into CLPs is mainly promoted by the transcription 

factors Ikaros, and PU.1. Then, the commitment and differentiation of CLP towards the 

B cell lineage is initiated by the transcription factors E2A (encoded by TCF3) and early 

B-cell factor 1 (EBF1) which activate the expression of  key B cell genes such as 

CD79A, CD79B, CD179A, CD179B (encoding Igα, Igβ and the surrogate light chains 

VpreB and λ5 respectively), and the transcription factors PAX5 and FOXO1 (Györy et 

al., 2012). The concerted action of these transcription factors, mainly PAX5 which is 

considered the master regulator of B cell differentiation, allows the establishment of the 

proB cell stage by activating the expression of CD19 and BLNK, which encode proteins 

necessary for BCR signaling, as well as the expression of Recombination-activating 

gen (RAG) 1/2 and terminal deoxynucleotidyl transferase (TdT) (Cobaleda et al., 2007). 

These enzymes mediate the rearrangement of V(D)J segments, therefore they are 

considered the main regulators of V(D)J recombination. Thus, the expression of BCR 

components and V(D)J recombination allows the transition to the pre-B cell stage.  

 The pre-B cell stage is characterized by the occurrence of two main events, the 

pre-BCR expression and the rearrangement of variable region of LC. The pre-BCR is 

composed by the rearranged μHC, the surrogate light chains (SCL) VpreB and λ5, and 

the signal transducing subunits Igα/Igβ. Signaling through pre-BCR promotes a 
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proliferation phase and a maturation phase in which the LC of BCR, λ and κ, are 

rearranged (Reth and Nielsen, 2014).  

 The last stage of differentiation in the bone marrow is reached with expression 

of BCR by substituting the surrogate LC of the pre-BCR, for the recombined κ and λ 

LC. This generates immature B cells which enter to the periphery to continue the 

differentiation process in secondary lymphoid organs (Reth and Nielsen, 2014) (Figure 

I1).  

 CLP, pro-B and pre-B cells constitute the main differentiation stages during B 

cell development in the bone marrow. Nevertheless, differentiation is achieved by 

passing through several transitional stages, such as early B stage (between CLP and 

pro-B), and the transitional pre-B cell stages pre-BI, Large pre-BII and small pre-BII 

before reaching the immature B cell stage. During these transitional steps, B cells 

acquire the changes necessaries for the proper expression of the key proteins 

mentioned above. 

 

Figure I1. Early stages of human B cell development in bone marrow. LMPP indicates lymphoid-
primed multipotent progenitor; CLP, common lymphoid progenitor; BCR, B cell receptor. Adapted from 
Blom & Spits, 2006 and Reth & Nielsen, 2014. 

 

1.2. B cell Activation 

Immature B cells expressing functional BCR migrate from the bone marrow to the 

secondary lymphoid organs (spleen, lymph nodes, tonsils, Peyer patches, and mucosal 

tissues). This migratory process is mainly mediated by adhesion molecules and 

cytokine gradients. Immature B cells acquire the cell surface markers IgD, CD21 and 

CD22, and pass through two transitional stages (T1 and T2) before becoming naïve 

mature B cells, marginal zone B cells or follicular B cells in the spleen (LeBien and 

Tedder, 2008).  

 Marginal zone B cells constitute a particular B cell subpopulation that shares 

properties of both, innate and adaptive immunity. These B cell subtype receives its 

<>

CLP Early B pro-B pre-BI
Small
pre-BII

V D J V D J V D J

V JV J V J V J

V D JμHC

κC

V D J

V J

<>

<>

CD19

Pre-BCR BCRTdT

RAG

PAX5

LMPP

IKAROS

PU.1

Large
pre-BII

Immature

B 

EBF1

E2A



 

6 
 

name from its localization at the marginal zone, the interface of circulation (red pulp) 

and lymphoid tissue (white pulp) of the spleen. The main function of marginal zone B 

cells, by their strategic localization, is the protection against blood-borne antigens. This 

function is mediated by the "innate side" and the "adaptive side" of these B cell 

subtype. The "innate side" of marginal zone B cells is conferred by their ability to 

recognize highly conserved microbial determinants through less specific BCR and Toll-

like receptors (Pone et al., 2012). This recognition triggers the adaptive side of 

marginal zone B cells, which leads to the rapid generation of low-affinity antibodies by 

producing short-lived plasma cells. The quick responses of marginal zone B cells 

constitute a compensation mechanism for the time required by follicular B cells to 

generate high affinity antibodies. Thus, marginal zone B cells provide a first line of 

defense until the formation of plasma cells (Cerutti et al., 2013). 

 Moreover, follicular B cells are the precursors of the final effectors of B cell 

differentiation: plasma cells, which produce antibodies, and memory B cells, which 

provide long-term protection against repetitive exposure to antigens. The differentiation 

of follicular B cells occurs in specific microscopic structures of secondary lymphoid 

organs known as germinal centers (GC) where the GC reaction is produced. This 

reaction is triggered by the recognition of antigens by BCR and implies important 

changes in B cell expression, as well as the communication between B cells and other 

immune cell types (Figure I2). 
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Figure I2. B cell development in the periphery. Immature B cells can differentiate into Follicular B 
cells or marginal zone B cells. Follicular B cells can undergo SHM and CSR at the Germinal Centers of 
secondary lymphoid organs to give rise plasma cells or memory B cells which provide the long-term 
protection of the humoral response.  Additionally marginal zone B cells can give rise plasma cells that 
produce low-affinity antibodies, and follicular B cells can also give rise short-lived extrafollicular plasma 
cells that secrete antigen-specific germ line–encoded antibodies.  Adapted from LeBien & Tedder, 2008. 

  

 The GC formation is mediated by the intense proliferation that B cells undergo 

after their activation. The highly proliferating cells are grouped in specific areas leading 

to the generation of two microscopic distinguishable zones, the dark zone and light 

zone. Dark zone concentrates the proliferating B cells, known as centroblasts while, 

light zone is composed by follicular dendritic cells, T cells, macrophages and 

centrocytes, which are smaller non-dividing B cells (Nieuwenhuis and Opstelten, 1984; 

Victora and Nussenzweig, 2012). 

 The main goal of the reaction at the GC is the generation of B cells able to 

produce antibodies with high affinity and specificity. This is achieved by two main 

processes: Class Switch Recombination (CSR) and Somatic Hypermutation (SHM). 

Both of them are mediated by the enzyme called Activation-Induced Cytidine 

Deaminase (AID), which is considered the master regulator of B cell activation. 

 SHM mediates the antibodies affinity maturation process in the dark zone of GC 

by the introduction of point mutations in the rearranged variable regions of 

immunoglobulin encoding genes. This is started when follicular B cells adapt their 

genetic program to initiate the formation of centroblasts. These cells are characterized 

by a gene expression profile that promotes high proliferation rates, apoptosis and the 

blocking of DNA damage response. The increased proliferation of centroblasts 

provides a wide repertoire of modified immunoglobulins, whereas increased apoptosis 

allows the rapid elimination of cells that produce defective antibodies. Meanwhile, the 

blocking of DNA damage impedes the cell cycle arrest that can be triggered by the 

genotoxic stress induced by high proliferation and by the DNA modifications produced 

during SHM (Klein and Dalla-Favera, 2008). The gene expression changes associated 

with this phase of GC reaction are driven by the master transcriptional regulator of 

centroblasts, the B-cell lymphoma 6 (BCL-6) transcriptional repressor (Shaffer et al., 

2000).  

 In the light zone B cells cooperate with other immune cell types to finalize the 

differentiation process. The selection of improved antibodies is mediated by FDCs by 

challenging centroblasts that have undergone SHM with the antigens that triggered B 

cell activation, whereas macrophages eliminate B cells that produce less efficient 
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antibodies. Another important event in the light zone is the cooperation between B and 

T cells. B cells can present antigens to T cells and receive co-stimulatory signals from 

them to undergo CSR. Through this process B cells change the immunoglobulin 

isotype from IgM to IgG, IgA or IgE, generating antibodies with different effector 

functions. The B and T cell interaction is mediated by CD40 receptor, expressed by B 

cells, and its ligand CD154, expressed by T cells. Although CD40-CD154 is the main 

interaction that induces CSR, it has also been reported the participation of other 

molecules such as inducible T‑cell co-stimulator (ICOS), transmembrane activator and 

calcium-modulating cyclophilin-ligand interactor (TACI) and B-cell-activating factor 

receptor (BAFFR) (Klein and Dalla-Favera, 2008) (Figure I3).  

 

Figure I3. Germinal Center Reaction. Once mature B cells are activated by their encounter with 
antigens starts the proliferation and the formation of germinal centers. In the dark zone the highly 
proliferating centroblasts undergo SHM and express mutated receptors. Then in the light zone, mutated 
receptors are tested with help of FDC and T cells. Centrocytes that express low-affinity receptors are 
eliminated by apoptosis, while cells that express high affinity antibodies can undergo CSR and be 
differentiated into memory B cells or plasma cells to confer long-term protection against specific 
antigens.  FDC indicates Follicular dendritic cells; SHM, somatic hypermutation; CSR, class switch 
recombination.  Adapted from Klein & Dalla-Favera, 2008. 

  

 Initially it was thought that the GC reaction was a unidirectional process going 

from dark zone to light zone. However, it is now known that GC reaction is a highly 

dynamic process in which cells are in constant movement throughout dark zone and 

light zone and even class switched cells, near the completion of the differentiation 

process, can go back to the dark zone to have another round of SHM (Allen et al., 

2007; Schwickert et al., 2007).  
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1.2.1. Class Switch Recombination  

Class Switch Recombination (CSR) is the process through which B cells are able to 

change the expression of IgM to a different immunoglobulin isotype. CSR occurs in 

response to B cell activation and is a central event in the adaptive immunity as 

mentioned before. Regions that encode the constant heavy chains of the different 

immunoglobulin isotypes are organized in tandem in the immunoglobulin heavy chain 

locus (IGH) at chromosome 14. The coding regions are grouped in specific segments 

known as germline transcription units. Each unit includes a cytokine-inducible promoter 

followed by a non-coding exon (I-exon), a switch intronic region (S) and the CH exon 

cluster (Matthews et al., 2014) (Figure I4).    

 CSR is a multistep process that is initiated by the recruitment of CSR machinery 

to the S regions for the generation of double-strand breaks (DSBs). This is followed by 

DNA deletional recombination of the S intervening regions and the activation of DNA 

damage response leading to DNA repair. As a result, the IgM coding region is excised 

and the default Cμ exons are exchanged for an alternative set of (Ch) exons, that could 

be from  Cα, Cγ,or Cε, leading to the production of IgA, IgG or IgE respectively 

(Kracker and Durandy, 2011). 

 

Figure I4. Germline transcription through S regions. The transcription unit includes a cytokine-
inducible promoter (P), an intervening (I)-exon, S region, and Ch exons. The primary transcript is 
spliced and polyadenylated to generate a noncoding mature transcript.  Adapted from Matthews et al., 
2014. 
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 Initiation of transcription is a crucial event for the recruitment of CSR machinery 

by two major roles. First, it has been described that transcription across the germline 

transcription units does not produce functional proteins, but instead allows the 

generation of DNA:RNA hybrids known as R-loops. These structures lead to the 

exposition of the non-transcribed single strand DNA (ssDNA), which is the substrate for 

AID action (Chaudhuri et al., 2003; Han et al., 2011). Although AID only acts on 

ssDNA, it has been demonstrated that AID is able to mutate both template and non-

template strands, which can be explained by the interaction between AID and 

components of the RNA exosome complex that degrades DNA:RNA hybrids and 

exposes the template strand to AID deamination  (Basu et al., 2011). The second role 

of R-loops generated during germline transcription, is to promote the stalling of RNA 

Polymerase II (PolII) that recruits AID through the splicing factor Spt5 and the 

recruitment of another AID interactors (Pavri et al., 2010).  

 Once AID is recruited to the S regions, it starts the generation of DSBs. AID 

deaminates cytosines and converts them into uracils generating dU:dG mismatches. 

These mismatches can be recognized and processed by different pathways resulting in 

either their repair, generation of mutations or DSBs. It has been reported that the main 

pathway in processing dU:dG mismatches during CSR is the Base excision repair 

(BER) pathway. In BER, AID-introduced uracils are removed by uracil-DNA-

glycosylase generating abasic sites, which are subsequently recognized and nicked of 

by apurinic/apyrimidic endonucleases, mainly by APE1. Staggered DSBs are 

generated by this pathway when the single strand breaks (SSBs) produced are closely 

spaced in the opposite strands (Stavnezer et al., 2008).  

 It has also been reported that the mismatch repair pathway (MMR) plays a 

relevant role during CSR. MSH2 and MSH6, which are MMR proteins, can recognize 

dU:dG mismatches and recruit other effector proteins such as exonuclease 1 (EXO1), 

to produce SSBs in mismatch adjacent regions. Proximal SSBs produced by both, 

MMR and BER pathway, can generate DSBs, thus MMR supplements BER pathway in 

DSBs generation in S regions (Chaudhuri and Alt, 2004; Rada et al., 2004). 

 DNA damage response (DDR) is triggered once DSBs generated in S regions 

are detected by the DNA damage sensors NBS1 and ATM. It starts with the 

phosphorylation of histone H2AX (γ-H2AX) and the recruitment of 53BP1 protein, both 

of which has been recently implicated in the formation of the required synapsis of the 

intervening S regions (Manis et al., 2004; Reina-San-Martin et al., 2007). DNA repair of 

the generated DSBs is the final step of CSR. It is mainly mediated by the classical non-
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homologous end joining pathway (C-NHEJ) and is complemented by the action of the 

alternative end-joining (A-EJ) and homologous recombination pathways (Boboila et al., 

2010; Hasham et al., 2010; Yan et al., 2007).  

 CSR is the result of the orchestrated action of several enzymes and scaffold 

proteins.  Expression of different immunoglobulin isotypes allows the adaptation of the 

effector immune mechanisms to provide a proper and efficient response against the 

different pathogens.  

1.2.2. Somatic Hypermutation 

SHM shares several mechanistic features with CSR, however it is a less characterized 

process. As well as CSR, SHM is initiated by transcription. In this case, the targeted 

transcribed region is the rearranged variable region of HC and LC at the Ig locus. The 

mutated region is 100–200 bp downstream of the transcription initiation site and 

extends for 1.5–2.0 kb (Lebecque and Gearhart, 1990). 

 AID is the key enzyme that initiates SHM. Its catalytic activity generates 

mutations at high rates (10-2, 10-3 mutations per base pair per generation) in the 

WGCW (W = A/T) hotspot sequence motif. As in CSR, AID deaminates cytosines to 

generate dU:dG mismatches. The next step to generate mutations is the recruitment 

and action of DNA repair machinery. Proteins of this pathway also act during CSR 

mainly to produce SSBs and DSBs as mentioned above; however, during SHM the 

damage initiated by AID, rather than be repaired in an error-free manner (which is the 

canonical function of DNA repair machinery), it is transformed into a mutation (Peled et 

al., 2008).  

 The proposed mechanism to explain this paradox is that during SHM occurs a 

DNA repair process in which error-prone polymerases participate rather than the      

high-fidelity polymerases that normally avoid DNA mutations.  It has been reported that 

DNA polymerase η (Pol η) and REV1 are mainly the low-fidelity polymerases involved 

in SHM (Casali et al., 2006). 

 After AID action, proteins of BER and MMR are recruited. Similarly to CSR, 

uracil-DNA-glycosylase excises the uracil produced by AID and generates an abasic 

site that is processed by APE1, which generate SSBs. Moreover, proteins of the MMR, 

MSH2-MSH6 can also recognize the uracils and recruit EXO1 to create a gap. After the 

participation of BER and MMR proteins, error-prone polymerases are recruited through 

mechanisms that remain to be clarified (Di Noia and Neuberger, 2007). 
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 One of the proposed mechanisms is that REV1 and other error-prone 

polymerases could be recruited by the monoubiquitylated form of PCNA, which is a 

heterotrimer with relevant functions during replication that is monoubiquitylated when 

the replication fork is stalled by DNA lesions. As an alternative, but not excluding 

mechanism, it has been postulated that error-prone and error-free polymerases are 

differentially recruited during cell cycle (Langerak et al., 2009). 

 SHM and CSR are very particular processes in which the machinery that 

normally prevents and repairs DNA damage is recruited to facilitate the random 

introduction of mutations and the generation of SSBs or DSBs to recombine different 

immunoglobulin gene segments. There are similarities between SHM and CSR, even 

though the final outcome is different. In any case, the hallmark of both events, as 

mentioned above, is the expression and action of the same enzyme, AID (Figure I5). 

 

Figure I5. Models of Somatic Hypermutations and Class Switch Recombination.   The upper gray 
square shows a non-mutated, non-switched, rearranged human Ig gene. The lower gray square show 
the Ig gene after SHM and CSR. During SHM (left part) AID deaminates cytosines to generate uracils 
that are recognized and processed by uracil-DNA-glycosylase. The generated abasic sites might be a 
template during replication and generate any mutation (1), or abasic sites can be processed by BER 
machinery which generates SSBs that are filled by recruitment of error prone polymerases (2). The 
MMR machinery can be also recruited and acts before (4) or after (3) uracil-DNA-glycosylase. MMR 
machinery produces gaps that are repaired by error-prone polymerases. During CSR (right part) AID 
targets S regions and deaminates cytosines to generate uracils. This uracils are processed by uracil-
DNA-glycosylase and the action of BER and MMR machineries introduce SSBs and DSBs. In this case 
is exemplified the recombination between Sμ and Sγ1 regions. Adapted from Longerich, Basu, Alt, & 
Storb, 2006. 
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1.3. Activation Induced Cytidine Deaminase  

Activation Induced Cytidine Deaminase (AID) is an enzyme that was first discovered in 

1999 by Honjo and colleagues in an experiment with the murine B lymphoma clone, 

CH12F3-2, which undergoes robust CSR from IgM to IgA in response to IL-4, TGF-β, 

and CD40L. By using a cDNA substraction approach they compared the switch-

induced and uninduced murine B lymphoma CH12F3-2 cells, and identified AICDA as 

a strongly upregulated gene during B cell activation (Muramatsu et al., 1999).  

 AICDA, the gene that encodes human AID, is localized in the chromosome 

12p13 and extents about 11kb. It is composed by five exons that give rise a protein of 

198 amino acids (Muto et al., 2000). Several splicing variants of AID have been 

reported, but their function remains controversial (van Maldegem et al., 2009; Wu et al., 

2008) 

 AID belongs to the AID / APOBEC cytidine deaminase family of proteins. This 

family is composed by AID, APOBEC1, APOBEC2, the subgroup of APOBEC3 and 

APOBEC4 proteins.  All of them are zinc-dependent deaminases and share the 

catalytic cytidine deaminase domain (Conticello, 2008). These enzymes have been 

related to different important roles by their catalytic activity. APOBEC1, the founder 

member of this family, has an important role in lipid metabolism by its RNA-editing 

activity. It is responsible of the apolipoprotein B (ApoB) mRNA editing, which leads to 

the generation of two different isoforms of ApoB with different roles in lipid transport 

(Chester et al., 2000). The rest of the members of the AID/APOBEC family are DNA 

deaminases. Interestingly, the APOBEC3 subgroup has been associated with the 

innate immunity against retroviruses (Harris et al., 2003). By  deaminating and editing 

the nascent cDNAs, APOBEC3 members interfere with the reverse transcription of 

RNA genomes from human immunodeficiency virus (HIV) and hepatitis B virus (HBV) 

(Mangeat et al., 2003; Sheehy et al., 2002; Turelli et al., 2004). Meanwhile, it remains 

to be determined if APOBEC2 and APOBEC4 have specific and relevant functions 

(Bransteitter et al., 2009). 

1.3.1. AID, the master regulator of antibody maturation 

The experiments carried out by Honjo and colleagues mentioned above, suggested for 

the first time a possible role of AID in activated B cells. However, the critical role of AID 

during B cell activation was completely elucidated through the study of two different 

models: knockout mice for Aid and a group of patients with a specific subset of Hyper-

IgM Syndrome (HIGM).   
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 The Aid knockout mice revealed a complete defect in class switching with a 

phenotype characterized by increased serum levels of IgM (Hyper-IgM) and by the 

presence of enlarged GCs. Subsequent experiments with splenic B cells from these 

AID deficient mice showed the specific impairment of CSR and SHM after different 

stimuli, and suggested the involvement of the catalytic activity of AID in the genetic 

modifications required in both processes (Muramatsu et al., 2000). 

 At the same time, Revy and colleagues published the first evidences that linked 

alterations of human AID with an autosomal recessive form of HIGM. The analysis of a 

cohort of 18 patients with HIGM diagnosis revealed deleterious mutations scattered 

across the AICDA gene which generate inactive forms of AID. The phenotype observed 

in these patients was defective CSR, defective SHM and the presence of enlarged GCs 

with highly proliferating B cells, which resembled the phenotype observed in the AID 

knockout model (Revy et al., 2000). Thus, both models of AID deficiency, human and 

mice, demonstrated the absolute requirement of AID during B cell terminal 

differentiation and antibody affinity maturation. 

 Interestingly, transgenic mice with constitutive and ubiquitous expression of AID 

develop T cell lymphomas and lung adenocarcinomas as a result of introduction of 

mutations in non-Ig genes by AID. Curiously, these mice do not have alterations in B 

cells or develop B cell malignances, which suggest the presence of additional layers of 

regulation to control AID activity in B cells (Okazaki et al., 2003). 

 Cytosine deamination is the specific mechanism by which AID mediates CSR 

and SHM. This reaction proceeds by a direct nucleophilic attack at position 4 of the 

pyrimidine ring of cytosine by Zn+2 coordinated to AID (Conticello, 2008) (Figure I6). 

 

Figure I6. Cytidine deamination reaction.  Mechanism based on a bacterial cytidine deaminase that is 
homologous to APOBEC1 and AID. Zinc  ions (Zn

2+
) coordinated with AID perform a direct nucleophilic 

attack at position 4 of the pyrimidine ring. Adapted from Chaudhuri & Alt, 2004. 
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 The mistmatches generated by the deamination of cytosines by AID, can be 

detected by in an error-free manner by BER or MMR machinery. However, uracils that 

are not detected by DNA repair machinery can be replicated and generate transitions 

(from C:G to T:A). Another possibility is the processing of the mismatch through a 

mutagenic pathway that recruits error-prone polymerases, which can produce 

transitions or transversions at the deaminated site. This mutagenic pathway is the 

responsible of the DNA changes required during CSR and SHM, as explained above. 

1.3.2. Functional Domains of AID 

Although AID is a small protein (24kDa), its structure contains several differentiated 

functional domains. At its N-terminal region it has been described a putative bipartite 

nuclear localization signal (NLS) (position 8 to 26) with the typical motif                                   

KR - X10–12 - K(KR)(KR), where X corresponds to any amino acid. It has been 

postulated that this type of sequences mediate the nuclear import through the importin 

α / β pathway (Freitas and Cunha, 2009; Ito et al., 2004; Kosugi et al., 2009). Near 

from the described classical NLS, it has been postulated a conformational nuclear 

localization signal. This is a non-consecutive motif of basic residues (residues19-

RWAK-22,34-KRR-36, 199 50-RNKN-54) that provides a positively charged surface in 

the folded protein (Patenaude et al., 2009). 

 Moreover, the catalytic domain is localized between the amino acid residues 55 

and 94 and possesses the conserved H(A/V)E-X24–36-PCXXC motif present in the 

cydine deaminase family. Meanwhile, the APOBEC-like domain (position 119 to 183) 

was defined by alignment with APOBEC-1, as a homologous region in the APOBEC 

family with uncharacterized functions. And finally, at the C-terminal region of AID, the 

last 15 amino acid residues correspond to a nuclear export signal (NES) that mediates 

the AID exclusion from the nucleus by a exportin/CRM1 dependent mechanism 

(Barreto and Magor, 2011; Ito et al., 2004).  

 Additionally, other critical regions in the AID structure, based on the crystal 

structure of APOBEC2, have been proposed.  A putative dimerization domain has been 

associated with the region between 46-53 amino acid position near from the catalytic 

domain, whereas, amino acids residues 111-113 and 168, have been associated with a 

putative tetrameric interface (Prochnow et al., 2007).  

 At the functional level, two regions have been described. In the N-terminal 

region, a segment required for SHM has been identified (residues 13-23) , whereas the 

last 26 amino acids have proved to be necessary for CSR. It has been proposed that 
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these two regions are critical for the association between AID and its regulatory 

partners (Barreto and Magor, 2011) (Figure I7).  

 

Figure I7. Functional domains of AID. In blue, AID regions linked with AID localization. In green, the 
domains shared by the AID/APOBEC deaminases members. In orange, putative regions for AID 
dimerization and tetramerization. In dark red, AID regions linked with the AID functions during 
antibodies affinity maturation. NLS, indicates nuclear localization signal; NES, nuclear export signal; 
SHM, somatic hypermutation; CSR, class switch recombination. Adapted from Barreto & Magor, 2011. 

 

1.3.3. AID Expression 

Initially, several evidences supported the notion that due to its role, AID expression was 

restricted to B cells from GC of the spleen and mucosal-associated lymphoid tissues 

(Peyer’s patches, tonsils, lymph nodes). The first analysis of AID mRNA distribution 

showed undetectable levels in both, T cells and different splenocyte cell populations, 

while a dramatic increase was observed in B cells after in vitro activation (Muramatsu 

et al., 1999).  

 However, recent evidence showed that AID mRNA could be detected outside 

the B cell compartment under physiological and pathological conditions. As examples, 

AID expression has been detected in normal tissues from ovary, breast, heart, and 

lung, although the function of AID in these tissues remains to be elucidated. At the 

pathological level, AID expression has been reported in lymphomas, leukemias, and  

malignant epithelial cells from solid tumors. In the latter, the ectopic AID expression 

has been associated with the chronic inflammation triggered by different infectious 

agents such as Hepatitis C virus, Helicobacter pylori, Epstein Barr virus or HIV, and it 

has been suggested that ectopic AID expression in these contexts is mediated by 

aberrant NF-κB activation (Orthwein and Di Noia, 2012).  

 Moreover, although it remains controversial, it has been proposed that AID is 

expressed at low levels during lymphopoiesis and it has been suggested that its 

expression suppresses the development of autoreactivity (Kuraoka et al., 2011; Meyers 
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et al., 2011). These findings were challenged by the analysis of a mice model in which 

the expression of a GFP-tagged AID allowed the identification of B cells that actively 

expressed AID during the immune response. An induction of AID expression in GC B 

cells after B cell activation was reported as well as undetectable levels of AID in bone 

marrow–developing B cells, which argue against the potential role of AID in self-

tolerance in these stages under physiological conditions (Crouch et al., 2007). More 

recently, AID expression in the embryonic developmental context has been reported, 

but these findings will be discussed later. 

1.3.4. Regulation of AID expression and activity 

As expected, the regulation of the expression of a mutator like AID, is complex, and not 

only its expression requires to be restricted to B cells, but also has to display a highly 

specific response to particular stimuli. In addition to the regulation of AID expression, 

several post translational mechanisms control the activity of AID, thus maintaining the 

genome integrity. 

1.3.5. Transcriptional Regulation of AID 

It has been described that there are 4 specific regulatory regions in the AICDA gene 

that are responsible for the regulation of AID expression, which contain binding sites for 

at least 19 transcription factors (both, activating and repressive factors). Region 1 is 

comprised by the Aicda promoter and the region immediately upstream. It contains a 

TATA-less promoter, and binding sites for the transcription factors Sp1, Sp3 and 

HoxC4. It also contains a binding site for NF-κB transcription factor which has been 

specifically associated with the response to the TNF-α and Toll-like receptor signaling 

triggered by viruses. It has also been reported an estrogen response element in region 

1, but its function remains to be clarified (Nagaoka et al., 2010). 

 Region 2 is located in the first intron and is a critical regulatory region. It confers  

B lineage-cell specificity on Aicda expression by containing binding sites for E-proteins 

and Pax5 transcription factors, both of which are necessary for B cell development, as 

mentioned before. This region also contains binding sites for the ubiquitous silencers c-

Myb and E2f, which are necessary for  the transcriptional repression of AID expression 

(Tran et al., 2010).   

 Region 3 is located approximately 17 kb downstream of the exon 5. Although its 

precise role has not been determined, it has been demonstrated that its deletion 

reduces AID expression. Additionally, a binding site for the transcription factor BATF, 
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which controls AID and GLT expression has been identified. Finally, Region 4 is 

located approximately 8 kb upstream of the TSS, and has been associated with the 

AID induction by environmental stimuli. It contains binding sites for NF-κB, Stat6, Smad 

and C/EBP proteins (Tran et al., 2010) (Figure I8).  

 

Figure I8. Regulatory regions at the AICDA promoter. Black boxes indicate AID exons. Adapted from 
Matthews et al., 2014. 

  

 The regulation of AID expression at the transcriptional level is finally achieved 

by a highly strict coordination among the activating factors, which are all those 

elements that respond to the cytokine stimulation during B cell activation and 

development; and the repressing factors, constituted by ubiquitous silencers that guard 

the genome integrity by silencing AID expression.  

1.3.6. Post transcriptional Regulation of AID 

After B cell activation, the increasing amount of AID mRNA is controlled by a second 

layer of regulation constituted by microRNAs. These small noncoding RNAs target 

mRNAs and inhibit their translation by altering their stability and translation efficiency.  

Two microRNAs have been mainly associated with AID regulation: miR-155 and miR-

181b. Both of them target the 3'-Untranslated Region (UTR) of the AID encoding 

mRNA, causing a decrease in  the mRNA and protein levels of AID (Stavnezer, 2011). 

 miR-155 is a lymphocyte-specific microRNA that has a similar expression 

pattern than AID during CSR. Disruption of the interaction between miR-155 and AID 

mRNA  resulted in deregulation of AID expression that not only affects CSR and affinity 

maturation, but also lead to aberrant targeting of AID and the increase of chromosomal 

translocations between IgH and c-myc locus (Dorsett et al., 2008; Teng et al., 2008). 

 Moreover, miR-181b was identified in a screening as a microRNA whose 

expression is able to impair CSR. It exhibits a different expression pattern than miR-

155, where the higher levels of miR-181b are observed in resting B cells and are 

decreased after B cell activation.  This leads to the suggestion that miR-181b has a 

role in preventing premature AID activity (de Yébenes et al., 2008). 
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 The reduction of AID levels by microRNAs has proved to be a critical regulation 

point to ensure the proper AID expression and function. Altered expression of these 

microRNAs is associated with lymphomagenesis that mainly result from chromosomal 

translocations caused by aberrant AID targeting. 

1.3.7. AID subcellular localization 

AID is a small protein that, because of its size, theoretically should diffuse passively 

into the nucleus. However, AID localization is mainly restricted to the cytoplasm, since 

the DNA mutator activity of AID demands a strict control of its nuclear entry. At present, 

there is evidence that supports the existence of three different mechanisms to regulate 

the nuclear amount of AID: active nuclear import, nuclear export, and cytoplasmic 

retention (Patenaude and Noia, 2010). 

 The nuclear import is active and is mediated by the interaction with importin-α. 

Although AID possesses a putative bipartite NLS, experiments with deletional 

mutations suggest that its nuclear entry is mediated by a conformational NLS. Once in 

the nucleus, the amount of AID is regulated by degradation and nuclear export. The 

nuclear export is mediated by the recognition of the NES by the CRM1 exportin. 

Additionally, the cytoplasmic retention mechanism provides another layer that regulates 

the AID localization. This mechanism is mediated by AID interaction with Hsp-90 

chaperone, which protects cytoplasmic AID from being degraded  and determines the 

availability of functional AID (Orthwein et al., 2010; Patenaude et al., 2009) 

 Together these mechanisms for AID compartmentalization are relevant for the 

regulation and the accessibility of AID to its DNA substrate, preventing off-target AID 

activity, and providing a cytoplasmic AID reservoir that leads to a fast nuclear 

translocation under appropriate stimuli (Xu et al., 2007). 

1.3.8. Phosporylation of AID 

Several amino acid residues of AID can be phosphorylated: Ser3, Thr27, Ser38, 

Thr140, Ser41, Ser43 and Tyr184. Phosphorylation at Ser38 and Thr140 has been 

associated with AID activation, while the phosphorylation at Ser3 and Thr27 has been 

linked to the inhibition of AID activity. Moreover, the role of  phosphorylation at residues 

Tyr184, Ser41 and Ser43, during CSR and/or SHM remains to be determined 

(Demorest et al., 2011; Pham et al., 2008; Stavnezer, 2011). 

 Thr140, phosphorylated by Protein kinase C (PKC), has been linked to SHM. 

Experiments with mutants forms that are unable to become phosphorylated in this 
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residue, showed little defects on CSR but an impairment of SHM that was not related to 

decreased AID activity, which suggests a role of this phosphorylation in mediating key 

AID interactions during SHM (McBride et al., 2008) 

 It has been reported that phosphorylation at Thr27 impairs CSR without altering 

AID activity, whereas phosphorylation at Ser3 impairs the association of AID with the 

IgH Sμ region. The role of these phosphorylation events in vivo remains to be  

determined (Gazumyan et al., 2011; Pasqualucci et al., 2006)  

 The best characterized phosphorylation site for AID occurs at Ser38 (p38AID) 

and is carried out by protein kinase A (PKA). p38AID is detected in a small fraction of 

AID in vivo. Nevertheless AID Ser38 phosphorylation has proved to be critical for CSR 

and SHM.  p38AID is enriched in the chromatin fraction of activated B cells and it is 

required for the interaction between AID and replication protein A (RPA), which is 

necessary for the targeting of AID to the IgH locus. In addition, p38AID has been 

related with the steps downstream DNA deamination by mediating the indirect 

interaction between AID and APE1, an endonuclease necessary to generate single 

strand breaks (SSBs) during CSR (Vuong et al., 2013). In fact, a positive feedback loop 

mediated by p38AID to amplify the generation of DSBs has been suggested. 

 Thus, phosphorylation at different AID residues, more than leading to a direct 

alteration of AID activity, constitutes a relevant regulatory mechanism that modulates 

CSR and SHM through the modification of the interactions established between AID 

and different proteins. 

1.3.9. AID interactions 

An additional layer of AID regulation is constituted by the proteins that target AID to the 

IgH locus and restrict the deamination activity mainly to the Switch and Variable 

regions for CSR and SHM respectively.  

 The DNA sequence motifs, RGYW and WA, together with their reverse 

complementary sequences, WRCY and TW (where R=A or G, Y=C or T, W=A or T), 

are preferential binding sites for AID. These motifs are considered hotspots for the 

mutations induced by AID. However, as these motifs are degenerated and are 

scattered across the entire genome, they cannot account for the specificity observed 

during CSR and SHM. In line with this observation, it has been found that AID binds 

transcribed regions across the entire genome of activated B cells, as determined by 

chromatin immunoprecipitation (ChIP) coupled with ultrasequencing (ChIP-seq) 
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experiments in mice (Yamane et al., 2011). Thus, the interaction between AID and 

several proteins is the main AID targeting mechanism that provides insights into how 

AID activity is targeted to specific Ig loci. 

 For instance, interaction between AID and the GC associated nuclear protein 

(GANP) has been linked to the targeting of AID to transcribed variable regions to 

promote SHM, although the underlying mechanism has not been described (Maeda et 

al., 2010). Moreover, 14-3-3 adaptors are proteins that are upregulated during B cell 

activation, bind to the AID hotspots, and also interact with AID, seemingly for the 

targeting of AID to the S regions for CSR (Xu et al., 2010).  

 The interaction between AID, PolII and Spt5, as mentioned above, is necessary 

for the recruitment of AID and explains the well characterized link between transcription 

and CSR and SHM. Furthermore, the splicing regulator, Polypyrimidine-tract binding 

protein-2 (PTBP2), has also been implicated in AID binding to S regions through its 

interaction with S region transcripts (Nowak et al., 2011). 

 Interestingly, chromatin conformation also plays a role in AID recruitment. Open 

chromatin states defined by activation histone marks such as trimethyl histone H3 

lysine 4 (H3K4me3) and hyperacetylated H3K9 (H3K9Ac), are linked with CSR and its 

importance is highlighted by experiments in which the activity of the enzymes 

responsible of these histone marks are altered, leading to an impairment of CSR 

(Daniel et al., 2010; Wang et al., 2009). 

 Together, the coordination of different regulatory mechanisms ensure the 

proper expression and targeting of AID, which is important not only for proper antibody 

maturation and immune response, but also to guarantee the genome integrity during 

AID function. The main regulatory mechanisms of AID are summarized in the Figure I9.  

1.3.10. AID roles beyond CSR and SHM in B cells 

In recent years, new potential AID roles have been proposed since the detection of AID 

expression in non-B cell contexts and its association with the regulation of DNA 

methylation, an important epigenetic mechanism.  
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Figure I9. Regulation of AID expression and activity. Different transcription factors regulate AID 
expression. At the post-transcriptional level, specific micro-RNAs regulate the availability of AID mRNA. 
The generated AID protein is then controlled by phosphorylation and subcellular localization mediated 
by the localization signals contained in its structure and by specific protein interactions. Furthermore, 
protein interactions also control the AID targeting to V and S regions.  Adapted from Matthews et al., 
2014. 

 

  Development of primordial germ cells (PGCs) during embryogenesis, 

which are the precursors of spermatocytes and oocytes, requires rapid DNA 

demethylation to the erasure of paternal imprints (Sasaki and Matsui, 2008). AID is 

expressed in PGCs, and the observation that AID deficient-PGCs exhibit higher levels 

of global methylation than their WT counterparts, led to the suggestion that AID may 

participate in active DNA demethylation mechanisms (Popp et al., 2010). 

 Moreover, in vitro reprogramming of somatic cells to produce induced 

pluripotent stem cells (iPS), which is another model that requires rapid DNA 

demethylation, revealed that AID is necessary for promoter demethylation and 

expression of the critical pluripotency genes, OCT4 and NANOG (Bhutani et al., 2010). 

Furthermore, the reprogramming of Aid-null differentiated cells to induced pluripotent 

stem cells showed failed stabilization of the pluripotent state due to hypermethylation of 

pluripotency associated genes (Kumar et al., 2013), which reinforces the role of AID in 
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the DNA demethylation required for cell reprogramming. In these systems, the 

proposed demethylation mechanism is the direct deamination of 5-methylcytosines 

(5mC) by AID to produce thymines which are later replaced by unmethylated cytosines 

after the action of BER machinery.  

 Another supporting evidence of the role of AID in DNA demethylation is the 

observation that cooperative action of AID and ten-eleven translocation 1 (TET1) 

protein can mediate DNA demethylation. It has been reported that 5-

hydroxymethylcytosines (5hmC), the product of the catalytic activity of TET1, can be 

deaminated by AID producing 5-hydroxymethyluracil (5hmU), which in turn can be 

detected and processed by thymine DNA glycosylase (TDG) and finally replaced by 

unmethylated cytosines. The ability of AID to deaminate 5hmC was also demonstrated 

in vivo in mice brain that overexpress AID, nevertheless whether this mechanism take 

place under physiological conditions remains to be determined. In either case, no AID 

expression has been detected in mice brain, while the expression of apobec1 is 

detected (Guo et al., 2011).  

 Despite the strong evidence that links AID with epigenetic changes, such as 

DNA demethylation, it seems that this role is restricted to specific scenarios. In parallel, 

biochemical analysis has revealed substantially reduced AID activity on 5mC relative to 

cytosines, and no detectable deamination of 5hmC, which argue against the proposed 

function of AID in DNA demethylation (Nabel et al., 2012). Thus, it is clear that there 

are several unresolved issues about AID function and regulation. 

1.4. Epigenetic regulation 

The concept of Epigenetics was formally introduced in 1940s by Conrad Waddington 

as the "study of the causal interactions between genes and their products which bring 

the phenotype into being". Since then, the epigenetic field has experimented important 

advances and later on epigenetics was redefined as “the study of mitotically and/or 

meiotically heritable changes in gene function that cannot be explained by changes in 

DNA sequence" (Russo et al., 1996). More recently, Adrian Bird has proposed that 

epigenetic events can be defined as "the structural adaptation of chromosomal regions 

so as to register, signal or perpetuate altered activity states" (Bird, 2007). The 

epigenome is the set of epigenetic modifications that occur along the genomic 

sequence of an individual. Given that the set of epigenetic marks of a cell type is 

determined by the set of transcription factors, upstream signaling pathways and 

extracellular signals, an organism will be characterized for different epigenomes for 
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each of its cell types. The main groups of epigenetic modifications are represented by 

DNA methylation and histone  post-translational modifications.  

1.4.1 DNA methylation  

DNA Methylation is the most studied epigenetic modification and it consists in the 

addition of a methyl group in the 5’ position of cytosines localized in CpG dinucleotides. 

This reaction is catalyzed by DNA methyltransferases (DNMTs) which use S-adenosyl 

methionine (SAM) as a methyl group donor.  CpGs are clustered in specific regions 

across the genome where they play a regulatory role. CpG islands (CGI) are the most 

abundant CpG regions, and they are defined as regions of around 1000 base pairs (bp) 

long with an elevated G+C base composition, little CpG depletion, and frequent 

absence of DNA methylation. In addition, there are other types of regions defined in 

relation to CGI. 'Shores' are located between 1-2 kb up- or downstream to CGI, 

whereas 'shelves', are the adjacent regions to shores (Doi et al. 2009; Vinson and 

Chatterjee 2012). CGI overlap the promoter regions of 60-70% of all human genes. 

The majority of promoter associated CGI are unmethylated and are linked with a 

transcriptionally permissive chromatin state, thus providing a platform to recruit 

transcription factors. 

 Promoters and enhancers are common hotspots for DNA methylation changes 

that are functionally relevant. DNA methylation has an important role in different 

processes such as the maintenance of chromosome stability, genomic imprinting, and 

the regulation of gene expression. Specifically, DNA methylation plays a fundamental 

role in differentiation by driving and stabilizing gene activity states during cell-fate 

decisions (Eden and Cedar 1994). 

 DNA methylation patterns are established by three enzymes: DNMT1, DNMT3a 

and DNMT3b. It has been proposed that the initial CpG methylation pattern is 

established by DNMT3a and DNMT3b which catalyze de novo methylation, whereas 

DNMT1 maintains these methylation patterns during replication (Bestor, 2000; Okano 

et al., 1999). Additionally, the DNMT family includes the catalytically inactive member 

DNMT3L, which is a regulatory factor required for de novo methylation by enhancing 

the activity of DNMT3a and DNMT3b (Bestor, 2000). 

 The mechanism for the addition of a methyl group to a cytosine by DNMTs is 

well characterized. DNMTs use a conserved mechanism of "base flipping" in which the 

target nucleotide is projected out of the double helix allowing the transfer of the methyl 

group from SAM to the activated cytosine C5, in a process coupled with various 
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release steps. However, DNA demethylation, i.e. the process by which methyl groups 

are removed from DNA, are still a matter of intense investigation (Cheng and Roberts, 

2001; Piccolo and Fisher, 2014).  

1.4.2. DNA demethylation 

It has been reported that DNA demethylation can occur through passive and active 

mechanisms. Passive DNA demethylation is achieved through successive cycles of 

DNA replication in association with an inefficient or absence of maintenance of the 

DNA methylation patterns by DNMT1, whereas active mechanisms mediate rapid DNA 

demethylation in the absence of replication (Kohli and Zhang, 2013). 

 After several nonproductive efforts to find a protein with DNA demethylation 

activity, it has been proposed that DNA demethylation in mammals occurs through the 

sequential activity of specific enzymes. One of the latest models of DNA  

demethylation, proposes the concerted action of TET hidroxylases, cytidine 

deaminases, DNA glycosylases and the DNA repair machinery.  

 The proposed DNA demethylation mechanism is initiated by the successive 

oxidation of 5mC to produce 5hmC by TET enzymes. The produced 5hmC can be 

further oxidized by TET enzymes to generate 5-formylcytosine (5fC) and 5-

carboxycytosine (5caC) or alternatively 5hmC can be processed by AID/APOBEC 

deaminases to generate 5hmU. The products of the action of TET enzymes (5fC and 

5caC) and AID/APOBEC deaminases (5hmU) are detected and removed by Thymine 

DNA glycosilase (TDG). The generated abasic sites are repaired and filled with  

unmethylated cytosines by the BER machinery (Kohli and Zhang, 2013). Although 

there are several evidences that support this model (as mentioned above in the AID 

section), there are findings that challenge the deamination of 5hmC by AID/APOBEC 

enzymes by showing the steric hindrance of  the hydroxymethyl group in the 

deamination activity (Nabel et al., 2012). Therefore, the latest DNA demethylation 

models still are a subject of intense investigation and debate (Figure I10). 
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Figure I10. Model of Oxidation-mediated DNA demethylation. Cytosines are methylated by DNA 
methyltransferases. Methylated cytosines are progressively oxidized by TET enzymes. The oxidized 
products can be processed directly by TGD which generates abasic sites that are repaired by BER 
machinery. Alternatively, 5hmC can be deaminated by AID generating 5hmU that can be also excised 
by TDG. DNMT indicates DNA methyltransferases; TDG, Thymine DNA glycosilase; TET, ten-eleven 
translocation enzymes; AID, activation-induced cytidine deaminase; 5mC, 5-methylcytosine; 5hmC, 5-
hydroxymethylcytosine; 5fC, 5-formylcytosine; 5caC, 5-carboxylcytosine; 5hmU, 5-hydroxymethyluracil. 
Adapted from (Kohli and Zhang, 2013) 

 

1.4.3. Histone Modifications 

Histone post-translational modifications are the second group of epigenetic marks. 

DNA and histones are organized in a nucleoprotein complex called chromatin which 

allows the compaction of the DNA molecule so it can be accommodated in the cell 

nucleus. The functional subunit of the chromatin, the nucleosome, is composed by a 

histone octamer around which a DNA segment of 147 bp length is wrapped. The 

histone octamer is formed by the association of two copies of each of the core histones 

H2A, H2B, H3, and H4 and nucleosomes are interconnected by DNA segments known 

as linker DNA which are associated to histone H1 (Tessarz and Kouzarides, 2014).  

 Chromatin is subjected to a dynamic regulation by covalent modifications of 

DNA (discussed above) and histone proteins. This chromatin regulation is crucial in 

DNA-based processes, such as transcription, DNA repair and replication.  The covalent 

modification of histones mainly occurs at the N-terminal tails exposed in the 

nucleosome, where different chemical groups can be added. To date, the main histone 

modifications include: lysine acetylation, lysine and arginine methylation, serine and 
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threonine phosphorylation, lysine ubiquitination, lysine sumoylation, ADP ribosylation, 

and others. Modification of histone  amino acid residues can alter the local charge at 

the positions that are modified and perturb physical interactions, thus controlling 

nucleosome interactions and the recruitment of different proteins to DNA. The 

functional effects of different histone modifications are very specific and it has been 

proposed that distinct histone modifications, on one or more tails, act sequentially or in 

combination to form a "histone code" that is read by other proteins to bring about 

distinct downstream events (Strahl and Allis, 2000). 

 Methylation of lysine and arginine are among the most studied histone 

modifications. Arginines can be mono- or di-methylated, whereas lysines can be  

mono-, di-, or tri-methylated. To date, it has been reported lysine methylation in various 

amino acid residues at histone H3 and histone H4. Histone H3 can be methylated at 

residues K4, K9, K27, K36 and K79, whereas histone H4 can be methylated only at the 

K20 residue. These histone modifications are regulated by the enzymes that add 

methyl groups, better known as lysine methyltransferases (KMTs), and by enzymes 

that remove methyl groups, which are the lysine demethylases (KDMs). Histone lysine 

methylation has proved to play a critical role in different cellular processes such as the 

regulation of gene expression, cell cycle, genome stability, and nuclear architecture. 

Furthermore, it has been postulated that histone lysine methylation and DNA 

methylation coordinate the long-term epigenetic maintenance (Black et al., 2012; Greer 

and Shi, 2012). 

1.4.4. Methylation of histone H4 at lysine 20 

The methylation of the lysine 20 constitutes the most common methylated form of 

histone H4. This lysine residue can be mono-(H4K20me1), di- (H4K20me2) or tri-

methylated (H4K20me3), and each of these forms have different physiological roles 

(Figure I11).  

 

Figure I11. Post translational modifications in histone H4.Histone H4 can be phosphorylated (S1 
residue), acetylated (K5, K8,K12 or K16) and methylated (in R3 or K20).  Adapted from Sims, Nishioka, 
& Reinberg, 2003. 
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 In general, H4K20me1 and H4K20me2 have been linked with DNA replication 

and DNA repair, whereas H4K20me3 has been linked with heterochromatin formation 

and gene silencing. The H4K20 methylation state varies in a cell cycle-dependent 

manner. In proliferating cells, the majority of H4K20 is found in the H4K20me2 state, 

and this mark, together with H4K20me3, does not undergo dramatic changes during 

cell cycle. Nevertheless, the H4K20me1 undergoes the most important fluctuations. 

The lowest levels of H4K20me1 are detected during G1 phase and at the beginning of 

S phase. Then, H4K20me1 levels increase throughout S and G2 phases, reaching a 

peak during M phase (Sims et al., 2003).  

 Different KMTs, belonging to the SET domain family, are responsible for the 

methylation of H4K20 through specific and non redundant roles. PR-SET7 catalyzes 

the formation of H4K20me1, whereas SUV4-20H1 catalyzes the formation of 

H4K20me2 (although it can also promote the formation of H4K20me3), and SUV4-

20H2 catalyzes the formation of H4K20me3 (Balakrishnan and Milavetz, 2010).  

 Knockout of the different H4K20 KMTs in mice have provided evidence about 

the lysine methylation mechanism at histone H4 and the substrate preferences of these 

enzymes. Although PR-SET7 has been involved exclusively with the formation of 

H4K20me1, the knockout of this enzyme leads to a global loss of all three methylated 

forms of H4K20. This finding led to the proposal of a sequential mechanism in which 

H4K20me2 and H4K20me3 forms are generated from progressive methylation of 

H4K20me1. Moreover, both SUV4-20H1 and SUV4-20H2 are able to produce 

H4K20me3 in vitro, nevertheless a knockout of SUV4-20H1 in mice cause reduced 

levels of H4K20me2, whereas the knockout of SUV4-20H2 produce reduced levels of 

H4K20me3. This suggests that despite the in vitro ability of both enzymes, they have 

particular substrate preferences in vivo (Southall et al., 2014).    

 Further evidence of H4K20 methylation mechanisms were also provided by 

gain-of-function experiments involving the SUV4-20H enzymes. Tsang and colleagues 

characterized the localization and activity of SUV4-20H1 and SUV4-20H2 enzymes, 

and additionally described a splice variant of SUV4-20H1 (SUV4-20H1_i2), which 

interestingly displayed differential activity and localization. The variant SUV4-20H1_i2 

is a truncated version of the canonical form (SUV4-20H1_i1), a variant identical over 

the first 391 residues followed by two different additional amino acids (Tsang et al., 

2010) (Figure I12). 
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Figure I12. Primary structure of SUV4-20H proteins.  All three SUV420H proteins contain the 
catalytic SET domain, as well as 2 additional regions of conservation (black boxes). The shorter 
SUV420H1_i2 isoform lacks a 492 amino portion of SUV420H1_i1, which includes a short region of 
homology with SUV420H2 (gray box). Adapted from Tsang, Hu, & Underhill, 2010.  

  

 It has been reported that SUV4-20H1_i1 and SUV4-20H2 are mainly localized 

at pericentromeric heterochromatin, and this localization is mediated by 

Heterochromatin protein 1 (HP1) and H3K9me3. Conversely, Tsang and colleagues 

found that SUV4-20H1_i2 variant is mainly localized throughout the nucleus and its 

localization is unaffected by HP1. Additionally they reported that whereas SUV4-

20H1_i1 and SUV4-20H2 promote the increase of H4K20me3 in PCH, SUV4-20H1_i2 

is associated with the increase of this histone mark throughout the nucleus according 

to its localization. These findings lead to the suggestion that SUV4-20H1_i2 mediates a 

different H4K20 methylation pathway and raises the complexity of the establishment of 

H4K20 states and their biological functions (Tsang et al., 2010). 

 The link between H4K20 methylation, the SUV4-20H enzymes and the immune 

system was established by the characterization of the mice model with deletion of the 

Suv4-20h genes. Schotta and colleagues generated a Suv4-20h-double-null (dn) mice 

by knocking out Suv4-20h1and Suv4-20h2 genes. These mice showed a genome-wide 

transition to H4K20me1 and their chromatin had nearly lost all H4K20me3 and 

H4K20me2. The main consequences of these alterations were the increased sensitivity 

to damaging stress, and the impaired DNA damage repair. Then, they decided to 

conditionally delete Suv4-20h1 and Suv4-20h2 genes in the hematopoietic system and 

observed that one of the main effects was the impairment of CSR in B lymphocytes. As 

explained in previous sections, this is a process that requires the concerted action of 

different proteins and DNA repair machinery to ensure the proper recombination of 

gene segments.  In the absence of Suv4-20h enzymes there is an accumulation of 

H4K20me1 that not only impairs CSR, but also increases the translocations and 

deletions involving the IgH locus (Schotta et al., 2008).  
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 The involvement of H4K20 methylation in the DNA events associated with CSR 

is only one example of the influence of epigenetic mechanisms during B cell activation. 

It has been reported that DNA methylation changes and several histone marks have a 

strong influence and even drive the DNA modifications that occur during CSR and 

SHM.  

1.4.5. Epigenetics mechanisms during antibody diversification 

As mentioned before, the transcription is a pre-requisite to initiate both SHM and CSR. 

The transcription is not only regulated by activators or repressors but also by chromatin 

conformation. Therefore, SHM and CSR are strongly influenced by epigenetic 

mechanisms. For instance, DNA hypomethylation and several histone marks have 

been associated with SHM. It has been described that the V(D)J region is 

hypomethylated and it has been proposed that this hypomethylation mediates the 

establishment of activation associated histone marks such as H3K9ac/K14ac, H4K8ac, 

and H3K4me3. The latter two histone marks have been directly associated with SHM 

(Li et al., 2013). Increased levels of H4K8ac, induced by the treatment with the histone 

deacetylase inhibitor trichostatin A, are correlated with an increase of mutations 

observed at the V(D)J region in the Burkitt's lymphoma derived cell line, BL2 (Woo et 

al., 2003). Conversely, the knockdown of the histone chaperone suppressor of Ty6 

(Spt6) in the same cell line, which decreases the H3K4me3 levels, is correlated with a 

reduction of V(D)J mutations. These findings suggest an important role of both histone 

marks during SHM (Begum et al., 2012).  

 Additionally, it has also been reported that other histone marks such as 

monoubiquitinated H2A and H2B, and phosphorylated H2B, could help to target the 

V(D)J region for SHM and to mediate the DNA repair response after AID activity 

(Borchert et al., 2010; Odegard et al., 2005).  

 Regarding CSR, important epigenetic changes in the S regions, involved in the 

establishment of the proper chromatin conformation and the recruitment of CSR 

machinery, has been described. The Sμ region is constitutively expressed and is 

poised for switching by displaying an open chromatin state mediated by DNA 

hypomethylation and the presence of activation histone marks such as H2BK5ac, 

H3K9ac/K14ac, H3K27ac, H4K8ac, H3K4me3, and H3K36me3 (Li et al., 2013). In the 

Sμ region it has also been reported low levels of the H3K9me3 repressive mark, which 

has been linked with the recruitment of the Krüppel-associated protein (KAP)1-
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heterochromatin protein (HP)1γ complex, which in turn seems to stabilize AID at the 

mentioned region (Jeevan-Raj et al., 2011).  

 Moreover, in resting B cells the remaining S regions are silenced and 

associated with the repression marks H3K9me3 and H3K27me3. Cytokine stimuli drive 

the activation of specific S regions and promote the recruitment of histone modifying 

enzymes that remove the repressive marks and trigger chromatin decondensation, thus 

allowing the transcription activation necessary to initiate CSR. 

 Another relevant histone mark during CSR is the combinatorial histone 

H3K9acS10ph modification, which is recognized by the 14-3-3 adaptors. This mark is 

associated specifically with S regions and allows the targeting of AID mediated by 14-

3-3 adaptors (Xu et al., 2010). 

 Epigenetic mechanisms play a critical role in regulating the chromatin structure 

of V and S regions. This regulation not only initiates of SHM and CSR by promoting 

transcription, but also leads to the recruitment of key proteins in these events. Several 

epigenetic mechanisms act independently of AID, but there are also epigenetic marks 

that are associated with AID expression and recruitment. Thus, AID by its proposed 

role in DNA demethylation and by regulating several histone marks, constitutes a 

putative epigenetic regulator that could have critical role in the chromatin events during 

antibody diversification. 

1.4.6. Epigenetics mechanisms in the immune system  

Throughout time, the physiological role and relevance of different proteins in the 

immune system has been revealed through their characterization in pathological 

conditions. Epigenetic mechanisms are not an exception to this scenario and their roles 

in several aspects of the immune system are evident through the effects caused by 

their alterations in these processes.  

 The immunodeficiency, centromeric instability and facial anomalies (ICF) 

syndrome constitutes a remarkable evidence of the influence of epigenetic 

mechanisms in the immune system. This is a rare, autosomal recessive disease 

associated with several recurrent infections that cause high mortality in early childhood. 

The hallmark of this syndrome is an agammaglobulinemia in the presence of normal B 

and T lymphocytes counts that occurs as a result of mutations in the DNMT3B gene, 

which is responsible for de novo DNA methylation during embryogenesis and germ cell 

development. The main consequences of mutations in the DNMT3B gene are DNA 
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hypomethylation, mainly restricted to satellite 2 and 3 repeats, and genomic instability 

in mitogen-stimulated lymphocytes. Interestingly, ICF syndrome patients not only 

exhibit alterations associated with DNA methylation patterns, but also show alterations 

in different histone marks and miRNA expression profile, which reflect the interplay 

between the epigenetic mechanisms  (Rodriguez-Cortez et al., 2011) 

 In the B cell context, epigenetic mechanisms not only are relevant in the 

antibody diversification during B cell activation, but also regulate important events 

throughout B cell development. It has been demonstrated that during early B cell 

development there are important DNA methylation changes associated with gene 

expression. By comparing the DNA methylation profile among different early B cell 

stages, Lee and colleagues found a DNA demethylation signature mainly at the CpGs 

located in gene body regions, and this signature was closely associated with functional 

transcription factor (TF) sites related to B-cell development. The correlation between 

DNA demethylation and increased gene expression was observed mainly in the first 

differentiation stages, therefore they suggested that DNA methylation changes play a 

smaller role after the B lineage commitment (Lee et al., 2012) .  

 Nevertheless, in advanced stages of B cell differentiation important epigenetic 

changes have also been reported. Comparison of the DNA methylomes of naïve, GC, 

memory and plasma B cells reveals a global shift towards DNA hypomethylation  

associated with differentiation. It has been described that the major changes occur 

during GC reaction, thus the main differences in DNA methylation patterns are 

observed when naïve and GC B cells are compared. Nevertheless, it has also been 

described differences in DNA methylation profiles when naïve versus memory or naïve 

versus plasma cells are compared, observing again DNA hypomethylation. 

Interestingly, despite the differences in the DNA methylome of naive and memory B 

cells, these two cell types possess a very similar transcriptome and conversely, 

memory B cells and plasma cells have similar methylomes but very different 

transcriptomes. It has been suggested that epigenetic mechanisms confer memory B 

cells the ability to undergo rapid and dramatic gene expression changes by poising its 

genome through DNA methylation. Thus, memory B cells are "epigenetically prepared" 

to rapidly differentiate into plasma cells during a secondary immune response (Lai et 

al., 2013).   

 Additionally, it has been reported that epigenetic mechanisms not only regulate 

the expression of the master regulators of B cell differentiation, but also support the 

gene expression changes driven by them. For instance, the plasma cell transcriptome 
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is mainly regulated by Blimp-1 transcription factor. The expression of Blimp-1 is 

epigenetically silenced by histone deacetylases (HDACs) recruited by BCL-6 and by 

different micro RNAs. The plasma cell differentiation implies the de-repression of 

Blimp-1. The activation of this transcription factor allows the establishment of plasma 

cell identity by repressing several key genes through a similar mechanism mediated by 

HDACs. Furthermore, Blimp-1 represses several genes by increasing the H3K9me3 

levels through the recruitment of an H3K9 methyltransferase (Li et al., 2013).  

 Thus, the concerted action of the different epigenetic mechanisms has a critical 

role in several immune system events. As mentioned earlier, the vast majority of the 

knowledge about the normal function of immune system has been acquired by 

analyzing immune disorders.  In this sense, characterizing epigenetic mechanisms in 

pathological immune scenarios might be helpful to go further in determining epigenetic 

physiological functions in the immune system. Primary immunodeficiencies constitute 

an interesting group of disorders that show evidence of epigenetic deregulation, 

therefore represent a good model to gain insights about the epigenetic influence in the 

immune system.  

1.5. Primary immunodeficiencies 

Primary immunodeficiencies (PIDs) are a growing group of heterogeneous disorders 

which comprises more than 200 alterations in virtually any aspect of the immune 

response. According to the last report of the International Union of Immunological 

Societies, there are 9 major groups of PIDs: combined immunodeficiencies, combined 

immunodeficiencies with associated or syndromic features, predominantly antibody 

deficiencies, diseases of immune dysregulation, congenital defects of phagocyte 

number, function, or both; defects in innate immunity, autoinflammatory disorders, 

complement deficiencies and phenocopies of PID (Al-Herz et al., 2014).  

 The clinical spectrum of PIDs is broad. Alterations that affect both, immune and 

non-immune components have been reported, and the clinical manifestations range 

from the impairment of the immune response against specific pathogens, to several 

important complications such as autoimmunity and cancer (Fischer, 2004). Different 

gene mutations have been associated with the development of PIDs, however there 

are no correlation between the genetic alterations and clinical manifestations, and even 

different mutations in the same gene are associated with completely different 

immunodeficiencies. Thus, the huge variability in these disorders highlights the 

influence of other modifying genetic elements, such as environmental factors and 

epigenetic mechanisms (Liadaki et al., 2013).  
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 Among the PIDs, the primary antibody deficiencies (PADs) represent the most 

common inherited immunodeficiencies in humans, in which the hallmark is the 

reduction or absence of serum immunoglobulins (Durandy et al., 2013). Multiple gene 

defects can account for the impaired production of antibodies and these alterations are 

related not only to B cells, but also with another immune cells or molecules. (Conley et 

al., 2009) (Figure I13).  

 

 

Figure I13. Classification of Primary Immunodeficiencies Adapted from Al-Herz et al., 2014. 

 

 Many of the alterations observed in PADs that are related with B cell biology 

involve B cell intrinsic defects. They could be associated with early B cell development, 

as is exemplified by mutations in genes that affect the expression of components of the 

pre-B cell receptor (pre-BCR), such as  IGLL1 or IGHM, which are the genes that 

encode the λ5 chain or the μ-chain of the pre-BCR (Minegishi et al., 1998; Yel et al., 

1996). There are also alterations in molecules that mediate the pre-BCR o BCR 

signaling. For instance, it has been reported mutations in CD79A and CD79B, the 
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genes that encode the pre-BCR and BCR co-receptors, Igα and Igβ (Ferrari et al., 

2007; Minegishi et al., 1999a). Mutations in BLNK gene, which encodes the B-cell 

linker (BLNK) scaffold protein, that mediates the assembly of the signalosome upon 

cross-linking of BCR have also been reported (Minegishi et al., 1999b); and the most 

frequent mutations are found in the gene that encodes the Bruton’s tyrosine kinase 

(BTK), and cause the X-linked Agammaglobulinemia (XLA), which is considered the 

prototype immunodeficiency (Conley et al., 1998). Alteration of any of these molecules 

completely abrogates B cell differentiation causing an arrest in the pre-B cell stage. 

Therefore there is a lack of mature B cells which implies a total absence of antibodies, 

better known as agammaglobulinemia. 

 There also are more intrinsic alterations that occur later in the B cell 

differentiation process that contribute to the development of PADs such as defects in 

CSR, or impairment of the migration, survival, or activation of B cells. Hyper-IgM 

syndrome (HIGM) involves specific defects in CSR, while Common variable 

immunodeficiency (CVID) can be associated with alterations in any of these B cell 

related processes. Therefore, both disorders constitute two good models of PADs 

associated with B cell intrinsic defects in later stages of B cell differentiation. 

1.5.1. Hyper-IgM Syndromes 

Hyper-IgM syndromes, alternatively called Class-Switch Recombination Defects, 

comprise a group of rare disorders characterized by the presence of normal or elevated 

levels of serum IgM and the absence or strongly decreased levels of the other Ig 

isotypes, IgG, IgA, IgE (Durandy et al., 2005). 

 B cells defects that have been associated with CSR-defects can be associated 

with the upstream signaling pathways that trigger the antibody production, or with the 

molecules directly involved in the antibody maturation process  (Durandy et al., 2007). 

To date, six main types of HIGM syndromes have been described (HIGM1 to HIGM6) 

according to an underlying genetic defect. Additionally, newly described alterations 

have been incorporated into the HIGM group of disorders, but remain without a specific 

classification (Davies and Thrasher, 2010) (Table I1). 
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Table I1. Genetically defined types of HIGM syndromes.  

HIGM 
type 

 
Defect 

 
Inheritance 

Infection 
susceptibility 

Lymphoid 
Hypertrophy 

Autoimmunity 
 

Lymphoma 
 

 
CSR 

defect 
 

 
SHM 

defect 
 

DNA 
Repair 
defect 

1 

 
XHIM-CD40 L 

deficiency 
 

XL 
Bacterial, 

opportunistic 
- Yes No Yes Yes No 

2 AID deficiency AR Bacterial ++ Yes No Yes Yes No 

* 
AID                   

C terminal     
defect 

AD Bacterial + ? No Yes No No 

3 CD40 defect AR 
Bacterial, 

opportunistic 
- Yes No Yes Yes No 

5 UNG deficiency AR Bacterial + ? Probable Yes No No 

6 NF-κB signaling XL/AD 
Bacterial, 

opportunistic 
 Yes No Yes Yes No 

 
PMS2 

deficiency 
AR Bacterial ? ? ? Yes No No 

 

Complex 
disorders 

affecting NHEJ 
DNA repair  

 

AR 
Mainly bacterial 

some 
opportunistic 

- Yes Yes Yes No Yes 

 
Adapted from Davies & Thrasher, 2010. XL, X linked; AR, autosomal recessive; AD, autosomal dominant. AID, activation-induced 
cytidine deaminase; UNG, uracil N glycosylase; PMS2,vpostmeiotic segregation increased 2; NHEJ, non-homologous end joining.Type 4 
HIGM refers to a genetically undefined type. 

 

 Specifically, HIGM type 2 (HIGM2) is associated with deleterious mutations in 

AICDA gene leading to defective CSR and SHM, as discussed above. Patients carrying 

AICDA mutations are susceptible to recurrent bacterial infections in the respiratory and 

intestinal tracts, nonetheless the clinical hallmark of AID deficiency is the enlargement 

of lymphoid organs and at the histological level, the presence of giant germinal centers 

(GCs). Additionally, around 20% of the HIGM2 cases are associated with autoimmune 

complications that are manifested as immune cytopenias, arthritis or hepatitis (Durandy 

et al., 2005; Revy et al., 2000). 

 At least 39 different mutations in HIGM2 patients have been described. These 

autosomal recessive inherited mutations are distributed throughout the AICDA gene, 

and include amino acid substitutions, premature stop codons, and deletions (Figure 

I14).   

 

Figure I14. Schematic representation of AID structure and the localization of the different AID 
mutations reported in HIGM. NLS indicates nuclear localization signal; NES, nuclear export signal. 
Adapted from (Durandy et al., 2005).  

Splice site mutationNonsense Missense Deletion in f rame Deletion, insertion frameshif t

NLS Catalytic Domain APOBEC-like domain NES

1 1988 26 55 94 119 183



 

37 
 

 By comparative analysis using the crystal structure of the catalytic domain of 

APOBE3G as a model, it has been proposed that of the 23 different missense AID 

mutations found in HIGM2 could be classified in three categories: “catalysis” (class I), 

“substrate interaction” (class II), “structural integrity” (class III). None of these AID 

mutants  exhibit CSR or SHM activity  in vivo, however this analysis revealed that 4 of 

the missense mutations generate catalytic active forms of AID that even show 

properties similar to WT AID with respect to motif specificity, substrate binding, 

processivity, mutation spectra and spatial deamination patterns. This interesting 

findings suggest that the defective CSR and SHM observed in vivo, rather than be 

caused by mutations that affect directly the AID catalytic activity, are related to more 

subtle effects that involve perturbations to the specificity loop, hydrophobic core, and 

secondary structures of AID protein (Mu et al., 2012). Thus, these perturbations could 

impair the interactions needed to achieve CSR and SHM.  

 The latter assumption is more evident with the analysis of the C-terminal 

mutants of AID which in fact, constitute a fourth class of AID mutations with particular 

properties that differentiate them from the rest of AID mutations (Mu et al., 2012). 

Patients carrying class IV mutations present a milder form of HIGM and AID mutants, 

despite being catalytic active, are not able to generate CSR but retain the SHM activity, 

which indicates that the C-terminal region of AID carries a critical binding site for 

cofactors that regulate AID activity during CSR (Ta et al., 2003). 

 One specific mutation in the C-terminal region of AID is associated with an  

autosomal dominant form of HIGM (AD-HIGM). This heterozygous nonsense mutation 

in the AICDA gene replaces the arginine at position 190 by a stop codon (R190X) 

which results in the truncation of the last nine C-terminal amino acids. It has been 

proposed that this truncated form of AID exerts a dominant negative effect on CSR by 

failed recruitment of DNA damage response factors (Imai et al., 2005). 

 Analysis of the different AID mutants at the clinical level does not provide too 

much information since all AID mutations (except in AD-HIGM) exhibit the same 

phenotype with slight variations, but undoubtedly, the molecular analysis of these 

mutants is extremely useful for understanding  the physiological behavior of AID and 

the critical protein regions that regulate its function.  

1.5.2. Common Variable Immunodeficiency 

Another immunodeficiency treated in this doctoral thesis is the Common Variable 

Immunodeficiency (CVID). CVID is the most frequent symptomatic PID in adults and 
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comprises a heterogeneous group of disorders that are characterized by low 

immunoglobulin levels and a failure to respond to protein or polysaccharide antigens, a 

condition that predisposes to recurrent bacterial infections that mainly affect the 

respiratory and gastrointestinal tracts (Cunningham-Rundles and Ponda, 2005).  

 CVID patients present a marked decrease in IgG (hypogammaglobulinemia) 

and in at least one of the isotypes IgM or IgA. The clinical manifestations of CVID are 

highly variable, but three criteria help to the diagnosis: the onset of immunodeficiency 

after the age of 2 years, a poor response to vaccines and the exclusion of other 

previously reported causes of hypogammaglobulinemia (Conley et al., 2009).  

 CVID patients display several complications such as lymphoproliferative 

disorders and inflammatory diseases.  In addition, more than 25% of CVID cases 

present autoimmune complications which are poorly understood and sometimes are 

related with poor prognosis (Baldovino et al., 2013). These cases reflect the complexity 

of the immune system and the coexistence of two different situations: 

immunodeficiency and autoimmunity.  

 Several efforts have been made to find genetic alterations that would help 

understand the CVID etiology and predict the clinical outcome. However, genetic 

alterations only can account for about 10-20% of immunodeficiency patients, and the 

majority lack a definite molecular genetic diagnosis (Salzer et al. 2012). It has been 

described that genetic defects can affect several immune processes, mainly those 

related to B cell activation, T-cell signaling and cytokine expression (Kokron et al. 

2004). For instance, there are reports of alterations in the genes encoding CD19, 

CD21, CD81, PLC-γ2, which are proteins involved in signaling through the B cell 

receptor, and have also been described in the genes encoding ICOS, BAFFR, TACI, 

MSH5, involved in co-stimulatory pathways necessary for isotype switching and 

somatic hypermutation during B cell activation (Castigli and Geha 2006).  

Different immune cell types have shown to be deregulated in CVID. A 

deregulation of T-cell subsets with a reduction of T-regulatory and CD4 cells, and an 

increase in CD8 cells has been reported (Xiao et al. 2014). In addition, there is 

evidence that a reduction of both myeloid and plasmacytoid dendritic cells are 

correlated with a greater incidence of autoimmunity, splenomegaly and granulomatous 

disease, and a higher incidence of clinical complications in CVID patients (Yong et al. 

2008). However, the main alterations occur at late B cell differentiation steps which 

cause a dramatic disturbance of B cell homeostasis. Specifically CVID patients display 

a severe deficiency of switched memory B cells (CD27+IgM-IgD-) (Warnatz et al. 2002) 
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and, in fact, it has been proposed to classify patients on the basis of the quantitative 

repartition of naïve/memory B cells according to the dual expression of IgD and CD27 

(Piqueras et al. 2003). Moreover, it has been described the association of the increase 

of certain B cell subsets, such as CD21lo or transitional B cells, with splenomegaly and 

lymphadenopathy respectively, while the reduction of class-switched memory B cells 

has been associated with granulomatous disease and autoimmune cytopenias (Wehr 

et al. 2008). 

In summary, HIGM and CVID constitute two examples that illustrate the 

complexity of the regulation of immune system. A global picture of this process is 

obtained not only by identifying  specific defects that reveal the physiological functions 

of certain proteins, but also by integrating this knowledge with more general processes, 

such as epigenetic mechanisms. Thus, this doctoral thesis was conceived to 

investigate the role of epigenetic mechanisms in the context of the immunodeficiencies 

HIGM and CVID. 
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2. OBJECTIVES  

The proper function of the immune system requires complex regulatory mechanisms 

and a highly strict balance in the amount and function of immune and non-immune 

elements. Part of the primary immunodeficiencies result from mutations in specific 

genes and their clinical manifestations can be recapitulated through the generation of 

knockout mice models that support the role of these genes. However, an important 

number of these disorders cannot be explained by genetic alterations and, to date, 

there is not an alternative explanation to understand it. This makes difficult the 

diagnosis process, the establishment of prognosis markers and complicates the finding 

of specific treatments or the improvement of the existing ones. Epigenetic mechanisms, 

mainly DNA methylation and histone modifications, are elements of gene control and 

have emerged to provide explanation to a wide variety of diseases including those 

related to the immune system.  For that reason, this doctoral thesis was focused on 

investigating the influence of the epigenetic mechanisms in two primary 

immunodeficiencies: Hyper-IgM Syndrome and Common Variable Immunodeficiency. 

This was achieved by the establishment of the following specific objectives: 

1.   To investigate the influence of activation-induced cytidine deaminase (AID), 

commonly mutated in Hyper-IgM Syndrome, in the setting of epigenetic 

modifications in an inducible B cell model. 

   It was decided to explore the direct influence of AID in the global levels and 

sequence-specific profile of histone modifications and DNA methylation by 

comparing the cells before and after the AID expression. Once interesting 

variations caused by AID are identified, a further exploration of the possible 

implicated mechanisms would follow. 

2.   To analyze the effects of AID mutations in the acquisition of epigenetic 

alterations.   

  The analysis of AID mutant forms are not only useful to gain insight in the AID 

regions involved in the alteration/regulation of epigenetic mechanisms, but also 

to understand the underlying mechanisms implicated in HIGM syndrome beyond 

the impairment of CSR and SHM. 

3.  To determine the participation of epigenetic alterations in CVID by focusing on  

the DNA methylation profiling of B cells isolated from monozygotic twins 

discordant for CVID. 
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 B cells, as the main altered cell type in CVID, represent the best cell population 

to explore the possible contribution of epigenetic mechanisms in these disorders. 

In addition, the monozygotic twins discordant for CVID constitute an excellent 

model in which genetic alterations are not involved in the development of the 

disease.    

4.  To expand the results obtained with monozygotic twins discordant for CVID in 

three different B cell subsets from a cohort of healthy donors and CVID patients.    

 This analysis not only will serve to confirm the results obtained in the 

monozygotic twins discordant for CVID, but also to determine the specific DNA 

methylation profile of the different B cell subsets and to detect specific alterations 

in CVID. Class-switched B cells are the main B cell subpopulation altered in 

CVID, therefore the analysis of DNA methylation in this cell subset contributes to 

detect variations that could occur during B cell development and that could be 

important in CVID etiology.     
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3. MATERIALS AND METHODS  

This doctoral thesis is composed by two studies: Analysis of the role of AID in setting 

epigenetic marks and its relationship with HIGM, and study of DNA methylation 

alterations in CVID. In the following section, the materials and methods used in each 

study are presented separately.  

3.1. Methods used for the epigenetic study on AID and HIGM 

3.1.1. Cell culture 

The cell lines used in this study were grown in a humidified incubator at 37°C and 5% 

CO2 and were maintained in log phase growth by changing the culture media every              

48 - 72 hours. Burkitt's lymphoma derived cell line Jiyoye was cultured RPMI medium 

supplemented with 5% FBS (v/v) and antibiotic/antimycotic solution, whereas 

adherents Hela and 293F cell lines, were grown in DMEM medium with 5% FBS (v/v) 

and antibiotic/antimycotic solution.  

3.1.2. DNA constructs and system for inducible AID expression 

A C-terminally Haemagglutinin (HA)-tagged AID was generated by PCR amplification 

using the primers listed in the 3.1.11. section. The forward primer introduced a BamHI 

site and the reverse primer introduced an EcoRI site. The amplified fragment 

corresponding to AID WT was then cloned into BamHI/EcoRI-digested pRetroX-Tight-

Pur vector. AID mutants were generated with the Quickchange method (Stratagene) 

using the primers listed in the 3.1.11. section.  To generate an AID inducible system we 

used the Retro-X TM Tet-ON ® Advanced Inducible Expression System (Clontech). 

First, the Jiyoye and Hela cell lines, with no detectable protein levels of endogenous 

AID, were transduced with the RetroX-Tet-ON advanced vector and Geneticin selected 

at 1mg/ml (Life Technologies). Second, the cells were transduced with the pRetroX-

Tight-Pur vector encoding AID and selected with Puromycin (Sigma-Aldrich) at 

0.3μg/ml for Jiyoye cells and 3μg/ml for Hela cells.  

 The AID expression was induced by the addition of doxycycline (Clontech) at 

500ng/ml to the culture media during 24 hours for Jiyoye cells and 48 hrs for Hela cells. 

The nuclear export was inhibited by the addition of Leptomycin B (LMB) (LC labs) 

during 2 hours at 10ng/ml for Jiyoye cells and 50ng/ml for Hela cells as previously 

described (Patenaude et al., 2009) (Figure M1).  
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Figure M1. Schematic representation of the procedure to establish the double-stable-inducible 
cell lines used in the HIGM study.  (A) The Hela and Jiyoye cell lines were infected with the RetroX-
Tet-ON advanced vector  (in blue) and selected with Geneticin .Then the stable cell lines were infected 
the pRetroX-Tight-Pur vector (in red), which encodes the C-terminal Haemaglutinin tagged AID (AID-
HA). After puromycin selection the inducible cell lines for the expression of AID were obtained.  The 
AID-HA expression was induced with Doxycicline treatment.(B) Representative images of western blot 
assays showing the establishment of AID inducible expression. Hela and Jiyoye cell lines do not 
express AID. The AID expression is detectable after the infection with the two vectors and doxycycline 
treatment. Ramos cell line was used as a positive control of AID expression. Negative controls are  
double infected cells with the RetroX-Tet-ON advanced vector and an empty pRetroX-Tight-Pur vector.     
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 Experimental procedures with the inducible system for AID expression were 

carried out in four different conditions: Control (C): Cell lines without AID expression. 

Doxycycline (D): Cell lines after doxycycline treatment to induce AID expression. 

Doxycycline + LMB (DL): Doxycycline and LMB treatment to induce AID expression 

and its nuclear accumulation. Control + LMB (CL): Cell lines with LMB. 

3.1.3. Western blot assay 

Proteins were separated using 8%, 12.5% and 15% acrylamide del for SDS-PAGE and 

blotted onto a polyvinylidene difluoride membrane of 0.22 µm or 0.45 µm pore size 

(Immobilon PSQ, Millipore) depending on the size of the protein of interest in each 

experiment. The membranes were blocked with 5% milk TBS-T (Tris-buffered saline 

with 0.1% Tween-20) and immunoprobed with the antibodies listed in the 3.1.12. 

section. Experiments were performed in triplicate. Bands were quantitated by direct 

scanning of the western blot films with a HP scanjet 4890 and processed with ImageJ 

software.  

3.1.4. Immunofluorescence and Confocal microscopy 

Immunofluorescence experiments were carried out as previously described (Patenaude 

et al., 2009) with some modifications. Briefly, transduced Jiyoye cells were plated in 24 

well plates and allowed to attach to poly-Lysine-coated coverslips for 15 min at 37ºC in 

PBS. Hela cells were plated in 6 well plates and allowed to attach to coverslips 24 

hours prior AID expression induction.  After this time cells were fixed with 4% 

paraformaldehyde, permeabilized with 0.5% (v/v) Triton X-100 and blocked with 1 

mg/ml BSA + 5% goat normal serum in PBS. Both cells types were stained with the 

antibodies listed in the 3.1.12 section. Stained preparations were mounted in Mowiol-

DAPI mounting medium and confocal optical sections were obtained using a Leica TCS 

SP5 Spectral confocal microscope (Leica Microsystems). Images were acquired with 

Leica Application Suite Advanced Fluorescence (LAS AF) software and processed with 

ImageJ software. 

3.1.5. DNAse I digestion-based assay 

Through this assay we followed the release of AID and different histone marks after   

DNase I digestion. DNase I digestion was carried out in nuclei isolated from Jiyoye cell 

line after the treatment with doxycycline and LMB, to induce AID overexpression and 

nuclear accumulation respectively. Briefly, cell cytoplasms were disrupted by using 

RSB buffer (10 mM Tris-HCl pH 7.5, 10mM NaCl, 3mM MgCl2). Then, the isolated 
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nuclei were washed and resuspended in DNase I buffer prior to the addition of DNase I 

to initiate the DNA digestion at 37ºC. We monitored the time course of DNase I-

induced release of AID and histone proteins at 2, 4, 8, 16 and 32 minutes of digestion. 

The reaction was stopped by adding EDTA 0.5mM. These procedures were carried out 

in the presence of Roche Complete Protease Cocktail Inhibitor. 

 It is well established that sensitivity to nuclease digestion is determined by 

chromatin structure. After DNase I digestion is possible to isolate a highly nuclease-

accessible chromatin fraction and a DNase-resistant fraction. The highly accessible 

chromatin fraction (soluble fraction) is mainly associated with active genes and 

therefore with activation associated histone marks, whereas the DNase-resistant 

fraction (Insoluble fraction) is mainly associated with constitutive heterochromatin and 

regions of chromatin associated with large multimeric (transcriptional and DNA-repair) 

protein complexes (Thambirajah et al., 2012). 

 From each digestion time point sample we obtained both protein fractions 

(soluble and insoluble) and subjected them to western blot analysis to determine the 

pattern of appearance or disappearance of AID and the specific histone marks 

H3K20me3 (heterochromatin mark), H3K27me3 (facultative heterochromatin mark) and 

H3K4me3 and acetylated H3 (euchromatin marks). 

3.1.6. Chromatin immunoprecipitation 

Chromatin immunoprecipitation assays were carried out as previously described 

(Ballestar et al., 2003). Briefly, chromatin was fixed with formaldehyde at final 

concentration of 1% during 15 min. After fixation, the cells were disrupted with SDS 

lysis buffer, and the chromatin was sheared to an average length of 0.25 kb with a 

Bioruptor ultrasonicator (Diagenode). Then, 50μg (for AID immunoprecipitation) or 

25μg (for histone marks immunoprecipitation) of chromatin were incubated overnight 

with the antibodies listed in the 3.1.12 section. IgG was used as a negative control. The 

formed immunocomplexes were precipitated with the Magna ChIP™ Protein A+G 

Magnetic Beads (Millipore) and after reverting the crosslinking of protein-DNA 

interactions, the solution was digested with proteinase K, and the immunoprecipitated 

DNA was isolated and purified by phenol-chloroform extraction.  DNA was amplified 

and quantified using real-time PCR. 
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3.1.7. Amplification of UnMethylated Alu’s  

The Amplification of UnMethylated Alu’s (AUMA) protocol was performed as previously 

described (Hernando et al., 2013; Rodriguez et al., 2008). Briefly, 1μg of DNA of each 

condition was digested with the methylation sensitive restriction endonuclease SmaI 

(Roche Diagnostics GmbH, Mannheim, Germany) following the manufacturer 

instructions. Blue and 5’ phosphorilated MCF oligonucleotides adaptors were ligated to 

the digested product with T4 DNA ligase (New England Biolabs,Beverly, MA, USA). Alu 

sequences were enriched and amplified from the adaptor-ligated DNA fragments using 

a chimeric primer comprising the complementary linker sequence 

(ATTCGCAAAGCTCTGA), the cut SmaI site (GGG) and two additional nucleotides 

homologous to the Alu consensus sequence AUMA-TT 

(ATTCGCAAAGCTCTGAGGGTT). A bandrich fingerprint was obtained through high-

resolution gel electrophoresis and the pattern was observed by silver staining. The 

AUMA fingerprints were visually checked and classified following this criteria: 

hypomethylation (increased intensity), hypermethylation (decreased intensity) and no 

change (no substantial difference between samples). Only those bands showing clear 

changes in their fingerprint intensities were considered to represent methylation 

changes. 

3.1.8. Immunoprecipitation 

For immunoprecipitation experiments we used 293F cells. These cells were transfected 

using polyethylemine (PEI) with the following plasmids: pCDNA3.1 constructs encoding 

the FLAG tagged WT and mutants forms of AID and plasmids encoding the lysine 20 

histone 4 methyltransferases, pCDNA4/T0 SUV4-20H1_i1-HA, pCDNA4/T0 SUV4-

20H1_i2-HA and pCI SUV4-20H2-HA, that were a generous gift from Dr. D. Alan 

Underhill (Tsang et al., 2010). Whole cell extracts were obtained with RIPA buffer (50 

mM Tris-HCl  pH7.8, 150 mM NaCl, 0.5% deoxycholic acid, 0.1% SDS, 1% Nonidet 

P40) and treated with benzonase 40U (Sigma-Aldrich) during 4 hours prior 

immunoprecipitation. After this time, samples were centrifuged during 10 minutes at 

7000g. The supernatant was then diluted with BC-100 buffer (10 mM Tris-HCl pH 7.8, 

0.5 mM EDTA, 0.1 mM PMSF, 1 mM DTT, 50% Glycerol, 100 mM KCl) and overnight 

incubated at 4ºC with FLAG-agarose (Sigma-Aldrich) for AID immunoprecipitation, or 

HA-agarose (Sigma-Aldrich) for SUV4-20H immunoprecipitation. The samples were 

washed twice with BC-100, 0.05% NP-40 and five times with BC-500 (50 mM Tris-HCl 

pH 7.8, 2.5 mM EDTA, 0.5 mM PMSF, 5 mM DTT, 50% Glycerol, 500 mM KCl),  0.05% 

NP-40 prior to the protein elution with 0.2 M Glycine pH 2.3. Then, the eluted material 
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was analyzed by western blot. The results were presented as the ratio among the 

eluate fraction versus the input fraction, and these ratios were normalized using the 

AID WT ratio as a reference.  

3.1.9. DNA accessibility assay 

To analyze the DNA accessibility after AID overexpression, we performed a DNase I 

digestion followed by amplification by quantitative PCR with the primers listed in the 

3.1.11 section, as previously described (Hernando et al., 2014). Briefly, nuclei from 

Jiyoye cells transduced with AID or an empty vector and treated with doxycyline or 

doxycycline + LMB, were digested with DNase I. The reaction was stopped at different 

time points and DNA was isolated and purified by phenol-chloroform extraction to 

subsequent analysis. The DNA accessibility was represented as the ratio among the 

final reaction point (30 minutes) and the initial reaction point (1 minute).  D4Z4 

microsatellite repeats and c-fos gene regions were used as controls of high DNA 

compaction (low accessibility) and low DNA compaction (high accessibility) 

respectively. 

3.1.10. Expression of μ Germline transcripts 

To analyze the expression of μ Germline transcripts (μGLT) of the IGH locus, we 

isolated total RNA with Trizol® Reagent (Life technologies). Then, mRNA was 

retrotranscribed with the Transcriptor First Strand cDNA Synthesis Kit (Roche). cDNA 

synthesis reaction was carried out by using anchored oligo(dT)18 primer, specially 

designed to enrich the retrotranscription of mRNAs. We analyzed the expression of 

mature μGLT by amplifying a 106 bp region within the non-coding Iμ exon (The primers 

used are listed in the 3.1.11. section). cDNA from Ramos cell line, which is another 

Burkitt's lymphoma derived cell line and a Jiyoye RNA processed without reverse 

retrotranscriptase were used as a positive and negative control respectively. The μGLT 

expression was analyzed by real-time PCR and the results were presented as the 

mRNA levels relative to the expression of RPL38 (Ribosomal protein L38) 

housekeeping gene and relative to the mRNA expression in uninduced Jiyoye cells.  

 In addition to the methods described above, the HIGM study shares with the 

CVID study the methods related with DNA methylation analysis. Those methods are 

described in the 3.2 section. 
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3.1.11. List of primers used in the epigenetic study on AID and HIGM 

 
Forward Primer Reverse Primer Reference 

Cloning 
   

AICDA WT ATGGATCCAGACACTCTGGACACCACTATG TAGAATTCCTAAGCGTAATCTGGAACATCGTA 
 

Site-Directed Mutagenesis 
   

R24W (70 C>T) GCTGGGCTAAGGGTTGGCGTGAGACCTACC GGTAGGTCTCACGCCAACCCTTAGCCCAGC 
 

W68X (203 G>A) AAATGTCCGCTGGGCTAAGGGTCGGCGTGA TAGCACAGGTAGGTCTCACGCCGACCCTTA 
 

C87R (259 T>C) CCTCCTGGAGCCCCCGCTACGACTGTGCCC GGGCACAGTCGTAGCGGGGGCTCCAGGAGG 
 

M139V (415 A>G) TGCAAATAGCCATCGTGACCTTCAAAGATT AATCTTTGAAGGTCACGATGGCTATTTGCA 
 

R174S (522 A>C) GTTCGTCTCTCCAGCCAGCTTCGGCGCATC GATGCGCCGAAGCTGGCTGGAGAGACGAAC 
 

R190X (568 C>T) AGGTTGATGACTTATGAGACGCATTTCGTA TACGAAATGCGTCTCATAAGTCATCAACCT 
 

ChIP 
   

Sµ TGAGATGGCTTTAGCTGAGACAAG CAGCTCACCTGGTGCAACTTAG 
 

Cµ CACGTGGTGTGCAAAGTCCAGCACC ACGCCAGACCCCACCTGCTT (Xu et al., 2010) 

Bisulfite pyrosequencing 
   

Sµ - amplicon GTTGAATTGGGTTGAGTAGGTT [Btn]CCAACTCACCCTAATTCAACTT 
 

Sµ - sequencing primer 1 GGTTGAGTAGGTTGT 
  

Sµ - sequencing primer 2 GTTGAGTTGAATTGGG 
  

Cµ - amplicon AATAAAGAAAAGAAYGTGTTTTTT [Btn]CAACCAAAACACCTAAATCTACC 
 

Cµ - sequencing primer 1 GGGATAGAGAGGGAG 
  

Cµ - sequencing primer 2 AGTGATTGTCRAGTTGTTTTTTAAA 
  

Cµ - sequencing primer 3 GGTTTTTTCRGTAATTTT 
  

PAX5 - amplicon [Btn]GGGATTCRGTTTGGAGGGG CCTACCTATCCAACATCAAAAAATAATCA 
 

PAX5 - sequencing primer AAATAATCAAAAACTCCCAT 
  

AUMA 
   

Blue adaptor CCGAATTCGCAAAGCTCTGA 
 

(Rodriguez et al., 2008) 

P-MCA adaptor 
P
-TCAGAGCTTTGCGAAT 

 
(Rodriguez et al., 2008) 

ALU up 5 primer ATTCGCAAAGCTCTGAGGGTT 
 

(Rodriguez et al., 2008) 
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3.1.11. List of primers used in the epigenetic study on AID and HIGM (continued) 
 

 
Forward Primer Reverse Primer Reference 

μGLT expression 
   

Iμ ATGGATCCAGACACTCTGGACACCACTATG 
 

(Fujieda et al., 1996) 

Iμ 
 

TGCTCTGAGGTATCGAAAAAG 
 

DNA accesibility assay 
   

Sµ TGAGATGGCTTTAGCTGAGACAAG CAGCTCACCTGGTGCAACTTAG 
 

Cµ CACGTGGTGTGCAAAGTCCAGCACC ACGCCAGACCCCACCTGCTT (Xu et al., 2010) 

D4Z4 
 
CTCAGCGAGGAAGAATACCG 
 

ACCGGGCCTAGACCTAGAAG (Hernando et al., 2014) 

c-fos 
 
CGAGCATCTGAGAAGCCAAG 
 

 
GAAGCCCGAGAACATCATCG 
 

 

             

  [Btn]  indicates Biotinylated primers 
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3.1.12. List of antibodies used in the epigenetic study on AID and HIGM 

 

 

3.2. Methods used for the study on DNA methylation alterations in CVID 

3.2.1. Patients and ethics statement 

Human blood samples used in this study were obtained from CVID patients, diagnosed 

according to established criteria, including one of the siblings of the monozygotic twin 

pair, and from blood donors. They were collected at the University Hospital Dr. Negrín 

of Gran Canaria (monozygotic twins discordant for CVID) and the University Hospital 

La Paz in Madrid (CVID cohort and healthy donors). The blood donors received oral 

and written information about the possibility that their blood would be used for research 

purposes, and any questions that arose were then answered. Before giving their first 

blood sample the donors signed a consent form at their corresponding hospital, which 

adhered to the principles set out in the WMA Declaration of Helsinki. The protocol used 

to isolate B cells from these anonymous donors was approved by IDIBELL’s 

Committee of Biosecurity (CBS) on May 5 2011 and the Ethics Committee of the 

University Hospital of Bellvitge (CEIC) on May 28 2011. 

3.2.2. Sample preparation and isolation of B cell subsets 

Peripheral blood mononuclear cells (PBMCs) from monozygotic twins were isolated by 

LymphoprepTM (Stem Cell Tech Inc., Vancouver, BC, Canada) density gradient 

centrifugation. The collected cells were washed twice with ice-cold PBS, followed by 

Antibody Company Reference 
 

Application 
 

α- hemagglutinin (HA) Sigma H6908 WB,IF, ChIP 

α- FLAG Sigma F7425 WB 

α- AID Invitrogen 39-2500 WB 

α- histone H3 Abcam ab1791 WB 

α- H3K4me3 Millipore upstate 07-473 WB, ChIP 

α- H3K27me3 Millipore upstate 07-449 WB, ChIP 

α- histone H4 Abcam ab10158 WB 

α- H4K20me3 Millipore upstate 07-463 WB 

α- H4K20me3 Millipore upstate 07-749 ChIP 

Goat anti-rabbit conjugated to horseradish peroxidase (HRP) Amersham RPN4301 WB 

Sheep anti-mouse-HRP Amersham RPN4201 WB 

 
Alexa Fluor® 488 Donkey Anti-Rabbit IgG (H+L) Antibody 

 
Life technologies A-21206 IF 
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centrifugation at 2,000 rpm for 5 min. The CD19+ cells were isolated by positive 

selection using CD19 MicroBeads (Miltenyi Biotec, Cologne, Bergisch Gladbach, 

Germany). 

For the isolation of CVID and healthy control group B cells, PBMCs were 

obtained from peripheral blood by Ficoll-Paque Premium (VWR Internacional, Eurolab) 

density centrifugation. PBMCs were enriched in B cells by negative depletion using 

CD3 and CD14 Microbeads (Miltenyi Biotec). For the isolation of naïve (CD19+CD27-

IgD+), unswitched memory (CD19+CD27+IgD+) and switched memory 

(CD19+CD27+IgD-) B lymphocytes, B cell enriched PBMCs were stained with CD19 

FITC, CD27 APC (BD, Biosciences, Becton Dickinson) and IgD PE (Southern Biotech). 

Cells were sorted on a FACS® Aria (Becton Dickinson). Purity check was >95% for all 

selected fractions. Purified samples were pelleted and stored at -80ºC. 

3.2.3. DNA isolation and Bisulfite modification 

Pelleted cells were resuspended in 750μl of lysis buffer (50mM Tris pH 8.8, 10 mM 

EDTA pH 8.3, 100 mM NaCl, 1% SDS).  50μl of proteinase K (10mg/ml) and 1μl of 

glycogen (20mg/ml) were added followed by overnight incubation at 37ºC.  After this 

time the degraded proteins were precipitated by adding 340μl of 5M NaCl and 

centrifuging at maximum speed during 15 minutes. The supernatant was collected and 

450μl of 100% Isopropanol was added. The isolated DNA was then transferred to a 

new eppendorf tube and washed with 75% Ethanol. The DNA was resuspended en 

10μl of DNase free water. For the subsequent DNA methylation analysis, DNA samples 

were bisulfite converted using the EZ DNA methylation kit (Zymo Research, Orange, 

CA, USA) following the manufacturer's instructions. 

3.2.4. DNA methylation profiling using universal bead arrays 

The methylation status of bisulfite modified DNA of CD19+ cells from monozygotic twins 

was analyzed using the Infinium Human Methylation450 Bead Chips (Illumina, Inc.). 

This platform allows the interrogation of >485,000 methylation sites per sample at 

single-nucleotide resolution, comprising an average of 17 CpG sites per gene in the 

99% of RefSeq genes. The 96% of CpG islands are covered, with additional coverage 

in CpG island shores and the regions flanking them. Samples were hybridized in the 

array following the manufacturer instructions. Each methylation data point is obtained 

from a combination of the Cy3 and Cy5 fluorescent intensities from the M (methylated) 

and U (unmethylated) alleles. Background intensity computed from a set of negative 

controls was subtracted from each data point. For further analysis we used the B-value 
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of each CpG, which is the ratio of the methylated probe intensity and the overall 

intensity (sum of methylated and unmethylated probe intensities).  The Beta value 

ranges from 0 (non-methylation) to 1 (total methylation). 

3.2.5. Bioinformatic analysis and detection of differentially methylated CpGs 

We estimated the  values following what was defined as the optimal 3-step pipeline by 

Marabita and colleagues (Marabita et al., 2013). For the differential methylation we 

transformed  values into M-values (as suggested by Du and colleagues) and used 

limma Bioconductor package for the differential methylation analysis (Du et al., 2010). 

Given the following observations (1) technical variability was similar to biological 

variability, (2) many DNA methylation changes we expected to be mild, and (3) the 

reduced number of samples (1 twin pair) we made a conservative selection of probes 

as candidate differentially methylated sites: (i) 10% or greater difference in the -value 

DNA methylation between monozygotic twins, (ii) p-value smaller than 0.01 and (iii) in 

the three replicates the -value estimated of one twin were always larger or always 

smaller than the other twin. This selection criterion returned a selection of 311 

differentially methylated candidate sites. Those sites are not statistically significant if 

FDR or FWER is considered however they provide a robust initial candidate selection. 

3.2.6. Gene Ontology Analysis 

Genes Symbol of probes differentially methylated were uploaded to AmiGO database 

(Carbon et al., 2009). We performed Biological Process GO enrichment based on 

genes that shows Differential Methylation with Fold Change at least 2 points up or 

below for Fold Change in each probe. To filter non-enrichment GO terms we applied a 

threshold p value and adjusted p value of less than 0.05. The hypermethylated and 

hypomethylated genes were also analyzed with Ingenuity program and GO database. 

The hypermethylated genes were selected by their constantly presence in relevant B 

cell signaling pathways, by their implication in common regulatory networks and 

functions related with BCR signaling.    

3.2.7. Bisulfite pyrosequencing 

In order to validate the results obtained from the DNA methylation array, we selected 

seven relevant genes in CVID that showed differential methylation to perform the 

pyrosequencing analysis. We analyzed the samples of CD19+ cells from monozygotic 

twins and additionally we analyze a panel of 80 samples obtained from CVID patients 

and healthy donors with three different cell populations, Naïve, Unswitched and 
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Switched B cells. Biotinylated amplicons for each gene were generated by PCR using 

the HotStart Taq DNA polymerase PCR kit (Qiagen). Specific primers were designed 

using the PyroMark Assay Design Software (QIAGEN- version 2.0.01.15). 

Pyrosequencing reactions and quantification of DNA methylation were performed with 

Pyromark™ Q24 system (Qiagen). Results from bisulfite pyrosequencing are 

presented as a percentage of methylation. 

3.2.8. Gene expression data analysis and overlapping between expression and 

DNA methylation data 

We obtained expression array values from GSE17269 Affymetrix Human Genome 

U133 Plus 2.0 Array microarray (Rakhmanov et al. 2009) to compare expression data 

of B cells from CVID donors and healthy donors. To obtain differential expression 

values between diseases and control samples, we used Bioconductor package Affy 

functions to read Affymetrix samples with .CEL format. After that, Limma package was 

used to estimate the differential expression of each probe ID, using the same 

parameters estimated in original data study. Raw differential expression data was 

filtered by Fold Change lower/higher than 0.5/1.5 and p-value lower than 0.05. At the 

end, overlap of differentially methylated and differentially expressed gene values was 

performed using Gene Symbol as ID and Fold Change as numeric values.   

3.2.9. Statistical Analysis 

The B cell subsets from CVID patients and healthy donors were compared using a 

student t test. p values less than 0.05 were considered statistically significance. 

 

 

 



 

59 
 

3.2.10. List of primers used in the CVID epigenetic study  

 

Gene 

 

Forward Primer 

 

Reverse Primer 

 

Pyrosequencing primer 

 

Analyzed CpG 

 

BCL2L1 
 
[Btn]AGTAGTAAAGTAAGYGTTGAGGGAGGTAGG 

 
CACAATACRACCCCAATTTACCCCATCC 

 
AATATCAAATCACTAAATACCC 

 
cg13989999 

 

TCF3 
 
[Btn]TATAGGTTTTYGAGGGATTATAGTTGGT 

 
ATCAAAAACCRACCTCTCAAATCACTT 

 
CCACCCCCCATACCC 

 
cg26615224 

 

PIK3CD 
 
[Btn]ATAAGGATTGTTTYGGTGTTGTTATTGTA 

 
AACTCAAATCCAACCTACTAACTATTC 

 
ACTAATACATCTATCCATTACA 

 
cg03265564 

 

RPS6KB2 
 
GGGGTTTGAGGTTTGTGGGATTA 

 
[Btn]AACCCTCCTTAATACTATCCAAAACA 

 
AGGTTTGTGGGATTAG 

 
cg03559915 

 

KCNN4 
 
ATGTTGTTTTGTGTGGTTAGAATAT 

 
[Btn]AAAAACATACCTATAATAACCCCCAATC 

 
ATTATTATTGCRAGTATTTGTG 

 
cg26890181 

 

KCNC4 
 
GTTYGTAGTATTGTGGGGTGGTG 

 
[Btn]ATCAACTCAATTCACTTTCCATTTATA 

 
GTAGTGYGTTATGATAGGAGTAAAA 

 
cg26189021 

 

CORO1B / PTPRCAP 

 
[Btn]AGTTTTGGAGGTTGAGGAGTG 

 
CCCAACACCACCCCTACCTA 

 
AAATCCCRCTACTTACTAAACAC 

 
cg12044599 

 
[Btn]AGTTTTGGAGGTTGAGGAGTG 

 
ACCAAAACCACACCTAAAACTC 

 
CATAACRAACCRACTATCAAACAAC 

 
cg23468927 

    
 

 

[Btn]  indicates Biotinylated primers 
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4. RESULTS 

The results of this thesis are presented in two separate sections that correspond to the 

two studies addressing the analysis of epigenetic mechanisms in relation with two 

primary immunodeficiencies: HIGM and CVID. The first study focused on the role of 

AID in the ability to influence epigenetic changes at the histone modification and DNA 

methylation level. Given that AID is the main altered molecule in HIGM2, after the 

characterization of the wild type (WT) AID effect on epigenetic mechanisms, it was 

analyzed the role of six HIGM-associated AID mutants in order to detect mutation-

associated epigenetic effects that might contribute to the pathogenesis of HIGM. The 

second study, focusing on CVID, was centered in the identification of DNA methylation 

changes in CVID by using a pair of monozygotic discordant twins for CVID, followed by 

the determination of the DNA methylation levels of three B cell subsets in a cohort of 

CVID patients and healthy individuals. 

4.1. AID ability to target epigenetic changes: impact on Hyper-IgM Syndrome  

The starting point of this part of the thesis focused on establishing the two cell systems 

used to analyze the AID effects. After the verification of the functioning of the cell 

systems, we started the characterization of different epigenetic marks at a candidate 

DNA sequence level, by analyzing the IGH locus (the main target of AID), and at the 

global level, by using high throughput approaches. Following the identification of 

changes at some histone marks, we characterized interactions of putative relevant 

enzymes with the AID WT form followed by analysis with AID HIGM mutants to 

determine possible aberrant effects. 

4.1.1. AID preferentially associates with heterochromatin 

To investigate the potential impact of AID in the epigenetic regulation of its cognate 

sites in B cells as well as how these changes may be impaired in HIGM individuals, we 

generated an inducible retroviral system to express AID WT (Figure R1A) and a set of 

AID mutant forms occurring in HIGM. Two cell types were chosen, Jiyoye B cells and 

Hela cells, for the experimental design. Jiyoye cells, which are a Burkitt's lymphoma 

derived B cell line, provide a B cell context in which AID is not expressed. On the other 

hand, Hela cells are ideal to test the cell distribution, given the convenience of adherent 

cells for immunofluorescence. In addition, this cell type has been used for many 

biochemical studies of human AID.  For the inducible system, Jiyoye and Hela cells 

were infected with the RetroX-Tet-ON advanced vector with geneticin resistance 

followed by transduction with the pRetroX-Tight-Pur vector encoding AID tagged with 
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HA at its C-terminal region. Expression of AID was achieved with the addition of 

doxycycline (Figure R1B). To obtain accumulation of AID in the cell nucleus, nuclear 

export was inhibited by the addition of LMB and accordingly, it was observed the 

nuclear accumulation of AID-HA after LMB treatment in both Hela and Jiyoye cells. 

(Figure R1C). 

 

 

Figure R1. An inducible system for AID expression and accumulation in the nucleus. (A) HA-
tagged AID retroviral construct (B) AID expression is induced following doxycycline treatment and 
retained in the nucleus under additional treatment with leptomycin B, which specifically inhibits nuclear 
export. Anti-HA antibody was used to detect AID expression and histone H3 was used as a loading 
control (C) Immunolocalization of AID  in both Hela and Jiyoye cells infected with the retroviral inducible 
system after doxycycline treatment and leptomycin B treatment. Nuclear DNA was counterstained with 
DAPI (red). (D) Association of AID to heterochromatin. Time course digestion of HA-tagged AID Jiyoye 
cells nuclei with DNase I, where  the soluble fraction mostly contains the euchromatic marks (as 
demonstrated by the appearance of H3Ac and H3K4me3), whereas insoluble fraction contains the 
heterochromatic marks(as shown by the progressive decrease of H4K20me3 and H3K27me3). 
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 To discriminate whether AID is associated with heterochromatin or euchromatin, 

we performed a DNase I digestion-based assay to compare the ability of AID to be 

released from chromatin in comparison to euchromatic (H3Ac and H3K4me3) and 

heterochromatic (H3K27me3 and H4K20me3) histone modifications. Using this 

strategy, we observed that euchromatic histone modifications were released following 

digestion and are present in the soluble fraction at around 2 min of DNase I digestion, 

whereas the heterochromatic mark, H4K20me3, was absent in the soluble fraction and 

appeared in the insoluble fraction. Moreover, H3K27me3 is a histone modification 

characteristic of facultative heterochromatin, and appeared in both, soluble and 

insoluble fractions, displaying a similar pattern to that of euchromatic marks. In this 

assay, AID displayed a similar behavior to that observed for H4K20me3, suggesting 

that AID is mainly localized in the same chromatin compartment that H4K20me3 

(Figure R1D). 

4.1.2. AID expression does not alter the DNA methylation status of IgH locus but 

results in sequence specific and global increase in H4K20me3  

As explained above, both CSR and SHM depend on AID activity. It has been described 

that AID binds to the S regions at the IGH locus to initiate productive CSR. These 

regions constitute the main target of AID and are very well defined to investigate a 

potential effect of AID on the epigenetic status of its associated sequences.  

 To explore potential changes in AID-bound regions we first analyzed the binding 

of AID to the Sμ region of the IGH locus in the two inducible cell models. ChIP assays 

revealed specific binding of AID to Sμ following induction of its expression and a further 

increase after inhibition of nuclear export of AID with LMB. Enrichment at the Sμ region 

was particularly high in Jiyoye B cells, although it was also observed in HeLa cells 

expressing ectopic AID. This binding did not occur at the Cμ sequence, as previously 

reported. Unlike Jiyoye cells, AID-expressing Hela cells presented detectable levels of 

AID in Cμ region, perhaps due to a mistargeting of AID caused by the overexpression. 

It is also likely that Hela cells, as a non-B cell, probably lack some  of the AID 

interacting proteins or the chromatin structure that mediate proper AID targeting (Figure 

R2C).  

 To test the potential effect of AID on DNA methylation, we performed bisulfite 

pyrosequencing of specific CpG sites located within the Sμ and Cμ regions (Figure 

R2A). No changes were observed following induction, and therefore binding of AID 

(Figure R2B). The Sμ region presented very low levels of DNA methylation even before 
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AID overexpression in both, Jiyoye and Hela cell lines. This observation prevented the 

possibility of concluding the potential demethylating activity of AID to this region, given 

that it is already demethylated prior to AID binding. However, the analysis of PAX5, 

another reported AID target (Yamane et al., 2011) that has shown to be highly 

methylated in Jiyoye and Hela cells, did not display DNA methylation changes after AID 

overexpression either (Figure R2B). In fact, the high-throughput comparison of the 

DNA methylation profiles of control versus AID-expressing Jiyoye B cells using 450K 

Illumina arrays, which contain over 450.000 CpG sites, did not show significant 

changes associated with AID expression (Figure R3A). In addition, the DNA 

methylation analysis of repetitive elements, such as Alu repeats, using AUMA assays 

also showed absence of apparent changes (Figure R3B) discarding the existence of 

DNA demethylation events in association with AID binding, at least in our two inducible 

models.  

 Following the DNA methylation analysis, we investigated the possibility that AID 

associates with changes in histone modifications. ChIP assays were performed with 

three different histone modifications focusing on their association with the Sμ and Cμ 

regions. Specifically, we analyzed the association of H4K20me3, H3K27me3 and 

H3K4me3 with these two regions before and after AID induction. Previous studies have 

reported changes in H3K4me3 and H3K27me3 in association with the complex 

regulation of the IGH locus. It has been reported that H3K4me3 is enriched in the μ 

enhancer, S regions and Iγ promoters, and this enrichment increases in specific 

regions depending on the B cell activating stimuli. Meanwhile, it has been reported 

lower levels of H3K27me3 across the IGH locus, with enrichments at the 3' region of 

the IGH locus and at intergenic regions (Chowdhury et al., 2008). Moreover, as 

aforementioned, H4K20 methylation has been linked with CSR. Suv4-20h-dn B cells 

showed an accumulation of H4K20me1 (by losing the H4K20me2 and H4K20me3 

marks) that impairs CSR and promotes chromosomal translocations. Thus, the three 

selected histone modifications (H4K20me3, H3K27me3 and H3K4me3) have been 

shown to be relevant for AID mediated events, although, there are no reports indicating 

a direct association among AID and modulations of these histone marks.  
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Figure R2. Effects of AID binding to the epigenetic status of the IGH locus. (A) Schematic 

representation showing  the Sμ and Cμ regions of the IGH locus, the bona fide binding and non-binding 
sites for AID respectively. The scheme show the specific areas analyzed by pyrosequencing (red 

arrows) and ChIP assays (blue line). (B) Bisulfite pyrosequencing of  Sμ, Cμ and PAX5 regions in both 
Hela and Jiyoye cells before and after induction with doxycycline, and following inhibition of  nuclear 
export with leptomycin B. Percentage of DNA methylation  is represented by red bars and each bar 

corresponds to a CpG site. (C) Changes in AID, H4K20me3, H3K4me3, H3K27me3 at the Sμ and Cμ 
regions using ChIP assays. For both Hela and Jiyoye cells we used uninduced, doxycycline, and 
doxycycline + leptomycin B  conditions and IgG was used as negative control. (D) Effects of AID on the 
global content of H4K20me3 of Jiyoye cells as analyzed by western blot and quantitation of three 
independent experiments. Mock infected cells were used as an additional negative control. 
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Figure R3. DNA methylation status of the IgH locus after AID overexpression. (A) Schematic 
representation of the results obtained from  the  DNA methylation profiling of the Jiyoye cell line with the 
Illumina 450K DNA methylation array. Green ovals represent the different comparisons of DNA 
methylation profiles. In red, it is indicated the number of significantly hypermethylated CpGs. In blue, the 
number of significantly hypomethylated CpGs. Red and blue numbers next to the arrows represent the 
hypomethylated or hypermethylated CpGs that coincide among the different comparisons.  (B) Band 
pattering corresponding to DNA methylation analysis of  Alu repeats, using AUMA assays. No 
significant differences were observed in the analyzed conditions neither in Hela nor in Jiyoye cells. The 
controls of the assay are constituted by DNA from Jiyoye cell line (without retroviral vectors) and the in 
vitro methylated DNA from the same cell line (IVD), which is the control of DNA methylation.  

 

 ChIP assays showed distinctive patterns for H3K4me3, H3K27me3 and 

H4K20me3 in B cells at the IGH locus. It has been described that the Sμ regions 

present an open chromatin conformation, whereas Cμ regions present a closed 

chromatin conformation in B cells. Accordingly, in the control condition (C), where AID 

is absent, H3K4me3 histone mark was enriched at Sμ region in Jiyoye B cells, whereas 

displayed low levels in Hela cells (a non B cell context) (Figure R2C). Moreover, the Cμ 

region presented low levels of H3K4me3 in both Hela and Jiyoye cells. After AID 

overexpression (D) it was observed a two fold increase in the H3K4me3 levels in 

Jiyoye cells but this increase was not observed in Hela cells. Furthermore, it was not 

observed in Jiyoye cells a further increase in H3K4me3 after LMB treatment, despite 

the AID nuclear levels was increased by two fold by LMB treatment. Thus, although it 

C vs D

20 17

C vs DL

27 17

D vs DL

23 18

C vs CL

19 22

18 9

15 13

9 9

0 0

0 0

10 7

A

B

C D DL CL C D DL CL IVD Jy

HELA JIYOYE CONTROLS



 

69 
 

seemed that AID caused an effect on H3K4me3 levels in Jiyoye cells when is 

overexpressed, this effect is not potentiated by AID nuclear accumulation after LMB 

treatment. 

 Moreover, the H3K27me3 histone mark showed lower levels compared with 

H3K4me3 as previously reported (Chowdhury et al., 2008) and did not show important 

variations after AID overexpression. 

 The most interesting observation from the ChIP assays was the specific 

enrichment of H4K20me3 at Sμ but not at Cμ regions, consistent with the specific 

binding of AID. This enrichment occurred in both Hela and Jiyoye cells, and appeared 

to be dependent on the AID binding. Jiyoye cells presented higher enrichment of 

H4K20me3 histone mark, according with the higher enrichment of AID observed in 

Jiyoye cells in comparison with Hela cells. 

To determine whether changes in H4K20me3 also occurred at global levels, we 

performed western blot assays with Jiyoye cells before and after induction with 

doxycycline. We observed a discrete but significant increase in H4K20me3 following 

AID induction reinforcing the notion of a direct role of AID in inducing an increase of 

this modification at its binding sites (Figure R2D). This increase was not observed in 

control cells. 

4.1.3. AID interacts with SUV4-20H family proteins, and modifies its recruitment 

to the chromatin 

Changes in H4K20me3 following binding of AID suggest a relationship between AID 

and histone methyltransferases of the SUV420H family, which specifically target 

H4K20. As mentioned in the introduction, there are two genes in this family, SUV420H1 

and SUV420H2, the first one producing two isoforms, SUV420H1_i1 and 

SUV420H1_i2 through alternative splicing. SUV420H1_i1 and SUV420H1_i2 are 

mainly involved in the addition of a methyl group to H4K20me1 to yield H4K20me2, 

whereas SUV420H2 is mainly involved in the transition from H4K20me2 to H4K20me3. 

To explore the potential physical interaction between these enzymes and AID, we 

performed immunoprecipitation experiments. 

In these experiments, we used an alternative cell system, the 293F cell line, 

which allows the co-transfection  of tagged SUV4-20H proteins and AID, leading to the 

co-expression of the C-t FLAG-tagged AID together with the HA-tagged version of each 

of the SUV4-20H enzymes (Figure R4A). These experiments revealed that AID 
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interacts with the three of them, as demonstrated both by immunoprecipitation of Flag-

tagged AID and the reciprocal experiment immuprecipitating with HA-tagged SUV420H 

proteins (Figure R4B). 

Then, we investigated the association of the SUV4-20H enzymes to the IGH Sμ 

and Cμ sites in relation with AID expression. ChIP experiments revealed that SUV4-

20H1_i1 is associated with the IgH Sμ and Cμ regions only in the absence of AID 

(Figure R4C), and that co-transfection with AID impairs its association with the Sμ and 

Cμsites. In the case of SUV4-20H1_i2, we observed a similar behavior, although this 

enzyme only associates with the Sμ site. Most importantly, we observed that SUV4-

20H2 only associates with the Sμ site in the presence of AID, suggesting a primary role 

of AID in the replacement of these enzymes to chromatin in these regions (Figure 

R4C).  

Since SUV4-20H2 is the main enzyme involved in the generation of H4K20me3, 

the recruitment of SUV4-20H2 to the Sμ region by AID might be responsible for the 

increase of H4K20me3 levels after AID expression and subsequent binding to this 

sequence. 

To investigate the potential impact of AID in the accessibility at the IGH locus, a 

DNase I digestion under limiting conditions followed by amplification by quantitative 

PCR with primers for the Cμ and Sμ sequences was performed. The DNase-resistant 

fraction (size range ≥5000 bp) was cut at different time points and the above 

sequences were amplified. This strategy allowed monitoring the digestion dynamics, 

thus providing an estimation of the accessibility to DNase I. The analysis of the 

accessibility of  D4Z4 and c-fos genes (Figure R5A) confirmed the validity of the 

accessibility assay, since it was possible to discriminate among highly compacted 

regions (therefore less accessible DNA regions) represented by D4Z4, and low 

compacted (therefore more accessible DNA regions) represented by c-fos. However, 

no differences in accessibility were observed at the Cμ sequences following AID 

expression (and subsequent binding) (Figure R5A). 
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Figure R4. AID interacts with SUV4-20H enzymes and recruits them to IgH Sμ regions (A) Graphic 
representation of the imunoprecipitation experiment in 293F cells. Co-transfection of Flag-tagged AID 
and each of the HA-tagged SUV4-20H enzymes: SUV420H1_i1, SUV420H1_i2 and SUV4-20H2 (B) 
Immunoprecipitation.  Immunopreciptated material with anti-HA was blotted and visualized with anti-
FLAG to determine its potential interaction with AID. The reverse experiment was also performed, using 
anti-FLAG to immunoprecipitate AID and anti-HA was used to test he interaction with each of the SUV4-
20H enzymes. AID and SUV4-20H enzymes were also transfected alone as controls. (C) ChIP assays 
demonstrating the association of SUV4-20H enzymes to the Sμ and Cμ regions in relation with AID 
binding. 
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We also checked whether AID association and binding to the Sμregion has an 

effect on the levels of the transcript produced by the transcription start site (TSS) 

related to this site, the μGLT. In B cells the μGLT is constitutively expressed and 

increases its levels after B cell activation.  (Figure R5B). Nevertheless, the solely AID 

overexpression or its nuclear accumulation was not able to induce any changes in the 

expression of μGLT. Therefore the association of AID with the SUV4-20H enzymes and 

the increase of H4K20me3 after AID overexpression and nuclear accumulation did not 

appear to be associated with changes in the accesibility of Sμ region, nor with changes 

in the expresion of μGLT. However, this does not discard the potential effect of 

H4K20me3 in CSR. 

 

Figure R5. Potential role of AID in the accesibility and expression at the IGH locus (A) DNA 

accessibility assay. Amplification by quantitative PCR of Sμ, Cμ, D4Z4 and c-fos regions after DNAse I 
digestion. Accesibility is represented as the ratio among the final reaction point (30 minutes) and the 
initial reaction point (1 minute). It was possible to detect variations in DNA accessibility levels as 
demonstrated by the differences detected among D4Z4 and c-fos regions, but it was not detected 
variations in DNA accessibility after AID overexpression and its nuclear accumulation. This experiment 
was carried out with Jiyoye cell line transduced with empty vector (Mock) or with AID encoding vector. 
The DNA accessibility was assessed in this cell lines after treatment with doxycycline (D) or doxycycline 

+ LMB (DL). (B) μGLT expression after AID overexpression and nuclear accumulation. The μGLT 
expression was normalized to the RPL38 expression. It was not observed any changes in μGLT 
expression after AID overexpression and  its nuclear accumulation. Ramos cell line was used as a 

positive control of μGLT expression, whereas Jiyoye sample processed without retrotranscriptase was 
used as a control of genomic DNA contamination. 
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4.1.4. Hyper-IgM Syndrome AID mutant forms display different effects on nuclear 

localization and export 

The immunoprecipitation experiments demonstrated a novel interaction between AID 

and SUV4-20H enzymes. We wondered whether these interactions are impaired in the 

context of HIGM syndrome mutations. These experiments not only help to understand 

the functional implications of these mutations but also can contribute to dissect the role 

of different domains in establishing these interactions. To this end we generated a 

version of the AID inducible system in Hela and Jiyoye cells for several HIGM forms, 

including AID R24W, W68X, C87R, M139V, R174S and R190X (Figure R6A). R24W 

AID is mutated in the nuclear localization signal (NLS), W68X and C87R are 

respectively a nonsense and a missense mutation at the catalytic domain of AID. 

W68X produces severely truncated protein (Figure R6B). Both M139V and R174S are 

missense mutations at the APOBEC-like domain. Finally, we also tested R190X AID, a 

nonsense mutant form that generates a shorter protein without part of the nuclear 

export signal (Figure R6B). As aforementioned, the C-terminal region containing the 

NES is critical to CSR probably by the recruitment of proteins involved in the AID 

targeting during this process. Furthermore, recent findings suggest that the C-terminal 

region of AID mediates the recruitment of DDR factors and mutants lacking this region 

display a defective end joining during CSR (Zahn et al., 2014).  

 To test the AID mutants, their cellular localization was investigated by 

immunofluorescence and confocal microscopy using a rabbit monoclonal anti-HA 

antibody. As aforementioned, WT AID is expressed following treatment with 

doxycycline and is accumulated in the nucleus after LMB treatment both in Hela and 

Jiyoye cells. The R24W, C87R, M139V AID mutants had a similar behavior than WT 

AID, however the two truncated forms of AID, W68X and R190X, where the nuclear 

export signal is totally or partially missing, displayed accumulation in the nucleus 

without the addition of LMB and therefore a constitutively nuclear localization (Figure 

R6C). 

 Like for Hela cells, missense AID mutations R24W, C87R, M139V did not alter 

the AID subcellular localization in Jiyoye cells, and the nonsense R190X was 

constitutively nuclear, therefore its localization was unaffected by LMB treatment. The 

truncated W68X mutant was detectable by western blot, however, it was not possible to 

detect its constitutively nuclear localization by immunofluorescence. This truncated 

form of AID showed to be less stable than the other AID mutants, which was also 

suggested by the western blots experiments.  
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Figure R6. Subcellular distribution of AID and HIGM mutants forms in Hela cell line. (A) Primary 
structure of AID. In the upper part of the scheme, the four missense mutations related with HIGM 
selected to our study are indicated.In the lower part of the scheme, the two selected nonsense HIGM 
mutations are indicated. NLS indicates nuclear-localization signal; CDD, cytidine deaminase domain; L, 
linker region; ALD, APOBEC-like domain; NES, nuclear-export sequence. (B) Western blot image 
showing the inducible expression of AID WT and the different HIGM mutants, before and after the 
treatment with Doxycycline (Doxy) 500ng/ml during 48 hours. (C) Representative confocal images 
showing the subcellular localization of C-terminally Hemagglutin (HA) tagged human AID in inducible 
Hela cells. When the nuclear export was inhibited with Leptomycin B (LMB) 50ng/ml during 2 hours, 
most of AID translocates from the cytoplasm to the nucleus.  Protein products of missense HIGM 
mutations showed similar response to AID WT after LMB, while truncated forms of AID lacking NES, 

were constitutively nuclear. Scale bar: 10μm. 
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Figure R7. Subcellular distribution of AID and HIGM mutants forms in Jiyoye cell line (A) Western 
blot showing the inducible expression of AID WT and the different HIGM mutants, before and after the 
treatment with Doxycycline (Doxy) 500ng/ml during 24 hours. (B) Representative confocal images 
showing the subcellular localization of C-terminally Hemagglutin (HA) tagged human AID in inducible 
Hela cells. When the nuclear export was inhibited with Leptomycin B (LMB) 50ng/ml during 2 hours, 
most of AID translocates from the cytoplasm to the nucleus.  Protein products of missense HIGM 
mutations showed similar response to AID WT after LMB, while truncated forms of AID lacking NES, 
were constitutively nuclear.  
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4.1.5. Hyper-IgM Syndrome AID mutants differentially interact with SUV4-20H 

enzymes  

The ability of HIGM AID mutants to interact with SUV420H enzymes was then tested.  

Co-immunoprecipitation experiments with the anti-FLAG antibody in cells co-

transfected with HA-tagged AID and each of the three SUV420H enzymes showed that 

WT AID and all the mutant AID forms interact at similar extent with SUV4-20H1_i1, with 

the exception of R24W mutant, that showed an impaired interaction when compared 

with WT AID. SUV4-20H1_i2 displayed a different interaction pattern with AID mutants, 

where the two AID truncated forms, W68X and R190X, displayed partial or total 

impairment of interaction. Moreover, AID mutants R24W, W68X, R174S and R190X 

showed an impaired interaction with SUV4-20H2. These results suggest that N-

terminal region of AID could be important for the interaction of AID and SUV4-20H1_i1, 

the C-terminal region of AID could mediate the interaction between AID and SUV4-

20H1_i2, whereas both regions of AID, N-terminal and C-terminal, could be involved in 

the interaction between AID and SUV4-20H2 (Figure R8).  

 Then, we investigated the association of SUV4-20H2 to the Sμsequences 

depending on the form of AID used in co-transfection experiments (AID WT or W68X).  

We also included H4K20me3 in these experiments to test the effects on this mark in 

association with AID mutant form. In agreement with previous ChIP experiments, we 

observed that SUV4-20H2 was not enriched in the Sμ region, and this enzyme was 

recruited to this sequence when was co-expressed with AID WT, showing high levels of 

enrichment. When SUV4-20H2 was co-expressed with the truncated mutant W68X 

showed a similar enrichment to the one observed when co-expression wild type AID, 

despite its decrease affinity. In agreement with this, increases in the H4K20me3 levels 

were unaffected and experienced a similar enrichment to the one observed when 

SUV4-20H2 was co-expressed with AID WT (Figure R8). Although we cannot provide a 

satisfactory explanation for the unaffected recruitment of SUV4-20H2 and H4K20me3 

levels when SUV4-20H2 and AID W68X were co-expressed, we consider that 

differences observed in the immunoprecipitation experiments could be related to 

functional alterations of the interaction between AID and SUV4-20H enzymes. To 

confirm this hypothesis, it would be necessary to analyze additional mutant AID forms 

and the recruitment of SUV4-20H1_i1 and SUV4-20H1_i2 to Sμ region and other AID 

target sequences.  
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Figure R8. Subcellular distribution of AID and HIGM mutants forms in Jiyoye cell line (A) Co-
immunoprecipitation of AID WT and HIGM mutants with the three SUV4-20H enzymes. All the HIGM 
mutants  were also able  to interact with  the three SUV4-20H enzymes, but the interaction was 
impaired in the co-immunoprecipitation experiments with the truncated forms of AID, which suggests 
that the C-terminal region of AID could be important to the interaction with SUV4-20H enzymes. (B) 
ChIP analysis to analyze the binding of SUV4-20H2 enzyme alone or when is co-expressed with AID 
WT or the truncated mutant W68X. Additionally we analyzed the levels of H4K20me3. 
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DNA methylation levels of three B cell subsets in a cohort of CVID patients and healthy 

donors.  

4.2.1. Comparison of DNA methylation profiles of monozygotic twins discordant 

for CVID reveals hypermethylation of a large set of genes 

To investigate the potential occurrence of DNA methylation alterations in B cells of 

CVID individuals, we performed a DNA methylation screening on total CD19+ cells 

isolated from a pair of monozygotic twins discordant for CVID. One of the individuals 

had been diagnosed with archetypical CVID, with a virtual absence of switched 

memory B cells, whereas his healthy sibling only displayed a discrete deficit of IgA, 

with IgG that had been increasing with age to normal levels. For the analysis, we used 

bead arrays interrogating the DNA methylation status of > 450,000 CpG sites across 

the entire genome covering 99% of RefSeq genes. Samples were processed and 

analyzed in triplicate. We observed that array wide technical variability (three replicates 

per twin: variability within a twin) and biological variability (differences between twins) 

were similar. For this reason we designed a robust CpG criteria selection (see 

Bioinformatics analysis in Materials and Methods) in order to identify differentially 

methylated candidate regions that were profiled later replication in an independent 

replication cohort. By the selection procedure we identified 311 CpG sites that were 

differentially DNA methylated between the CVID individual and his healthy matching 

twin. Given the small range of changes, we considered a CpG to be differentially 

methylated when the difference in  was greater than 10%. Approximately 75% of 

these differentially methylated CpGs (230 out of 311) displayed higher methylation 

levels in the CVID individual than in his sibling, and the remaining 25% (81 CpGs) were 

less methylated in the CVID compared with the healthy sibling. The majority of these 

changes occurred in annotated genes (79.1% and 80.2% in the hypermethylated and 

hypomethylated sets respectively) (Figure R9A). Among the genes associated 

hypermethylated CpGs, 131 were located at gene bodies, 28 at the 3’ UTR and 54 at 

gene promoters. In the hypomethylated set of CpGs, 26 CpGs located at gene bodies, 

17 CpGs at 3’ UTR, and 37 in promoter regions (Figure R9B). 

We then performed GO analysis to determine whether the differentially 

methylated genes were associated with potentially relevant biological processes in 

CVID. We independently analyzed the lists of hypermethylated and hypomethylated 

genes. In the hypermethylated set of genes, there was enrichment of important GO 

categories such as immune system process (GO:0002376), intracellular signal 

transduction (GO:0035556), defense response (GO:0006952), positive regulation of 



 

79 
 

macromolecule biosynthetic process (GO:0010557), and positive regulation of cellular 

metabolic process (GO:0031325). We found 12 to 19% of the hypermethylated genes 

to be associated with these categories. A smaller percentage of hypermethylated 

genes was associated with other interesting categories in CVID such as regulation of 

lymphocyte chemotaxis (GO:1901623), or positive regulation of T cell chemotaxis 

(GO:0010820). In the hypomethylated group, the functional categories were less 

obviously relevant in the context of B cell biology. We found that 24% of genes were 

associated with cell adhesion (GO:0007155), 20% were in the cell-cell adhesion 

(GO:0098609) and homophilic cell adhesion (GO:0007156) categories. Around 3 to 5% 

of hypomethylated genes were associated with other categories, such as response to 

cAMP (GO:0051591), cell fate specification involved in pattern specification 

(GO:0060573), and cell fate specification (GO:0001708) (Figure R9C). 

 The  hypermethylated genes  (Table R1) were particularly interesting for their 

relevance in BCR signaling pathways such as: PI3K signaling in B lymphocytes, FcRIIB 

signaling in B lymphocytes, CD27 signaling, P38MAPK, CD40 signaling, NF-κB 

signaling, APRIL mediated signaling, B cell activating factor signaling, pathway of 

inositol phosphate compounds. All these genes have associated network functions that 

the programme identified as: cell death and survival, cell mediated immune response 

and cellular movement. 

The GO database also reveals the hypermethylated genes implicated in 

lymphocyte chemotaxis (CCL5) and phospholipids translocation (KCNN4), and some 

other relevant common pathways such as class I PI3K signaling events and mTOR 

signaling pathway. In addition to the overall analysis of functional categories, inspection 

of individual genes made it possible to identify those essential for B cell biology and 

function from amongst the list of hypermethylated genes. The list of hypomethylated 

genes had less obvious candidates in terms of B cell biology. From the list of 

hypermethylated genes, we identified TCF3, PIK3CD, KCNN4, BCL2L1, and 

RPS6KB2, among others (Table R1). PIK3CD encodes the catalytic subunit delta of 

the phosphatidylinositol-4,5-bisphosphate 3-kinase, a molecule that regulates natural 

antibody production, marginal zone and B-1 B cell function, and autoantibody 

responses (Durand et al., 2009). Another interesting example is KCNN4, a molecule 

that is activated during B cell activation and helps to maintain elevated Ca2+ levels 

during signal transduction (Wulff et al. 2004). BCL2L1 encodes an apoptotic inhibitor 

that plays a critical role in the germinal center (Tuscano et al., 1996). 
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We then compared the DNA methylation data with existing gene expression 

data obtained from B cells of CVID patients versus healthy donors (accession no. 

GSE17269) (Figure R9D) (Rakhmanov et al., 2009) . Despite the differences between 

this study focusing on a small cohort and also using the naïve CD19+ subset, we found 

a significant number of genes with differences in expression among those displaying 

differences in DNA methylation. This suggests that the methylation changes occurring 

in CVID B cells may affect the overall expression of the genes. (Figure R9D). 

4.2.2. DNA methylation changes for B cell regulators in CVID are B cell specific 

To confirm the results obtained using DNA methylation arrays, we performed bisulfite 

pyrosequencing of a selection of the aforementioned genes hypermethylated in B cells 

isolated from the same pair of twins discordant for CVID (Table R2). We focused on 

looking at the same CpG sites for which significant changes had been identified (Figure 

R10A). Despite the modest differences in DNA methylation quantitated using the initial 

high-throughput strategy, we confirmed by bisulfite pyrosequencing a robust increase 

of DNA methylation in the CVID sibling with respect to the healthy sibling (Figure 

R10B), with very similar values to the ones obtained using bead arrays (Figure R10C). 

We also tested The DNA methylation changes in CD4+ cells (T lymphocytes) and 

CD14+ cells (monocytes) from the same individuals (Figure R10B). In contrast with the 

robust increase in B cells from the CVID sibling with respect to the healthy sibling, we 

observed no differences or even changes in the opposite direction in T cells and 

monocytes, highlighting the specificity of the observed CVID-associated 

hypermethylation of these genes to B cells. 

 As mentioned earlier, CVID individuals have been reported to contain fewer 

switched memory cells. Our results showing DNA methylation differences between this 

CVID individual and his matching healthy sibling using total CD19+ may just reflect 

changes in the proportion of different B cell subsets between these two individuals if 

the DNA methylation levels for these genes were different for naïve, unswitched and 

switched memory B cells. For this reason, it is essential to analyze DNA methylation 

using separate B cell subsets, to distinguish between the change in B cell subset 

proportions and the existence of bona fide changes in the DNA methylation status of 

these genes in specific B cell subpopulations. 
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Table R1.  Relevant genes in B cell biology in the hypermethylated set of genes 

Gene 
CpG 

number 
Localization 

 
ΔBeta 
value 

 

Relevance of gene products in B cell context 

BCL2L1 cg13989999 
 

Body 0.13 
 

The longer isoform encoded by this gene, BCL2-XL, is an apoptotic inhibitor 
and plays a critical role in regulating cell survival in the germinal center (GC). 
It has been reported that T lymphocytes from CVID patients are more 
sensitive to apoptosis due to a deregulation of this molecule 

TCF3 cg26615224 
 

Body 0.13 
 

Important transcription factor that mainly acts as gene activator. Is required 
for normal T and B-cell development 

PIK3CD cg03265564 
 

5´UTR 0.11 
 

The p110catalytic subunit is mainly expressed in hematopoietic cells. This 
molecule mediate the chemokine-induced migration, BCR signaling, BCR-
induced proliferation, and differentiation into Antibody-producing cells 

RPS6KB2 cg03559915 
 

Body 0.15 
 

This kinase is a downstream signaling protein of mTOR pathway. S6K2 
regulates cell growth and protein synthesis 

KCNN4 
 

cg26890181 TSS1500 0.11 Is upregulated during B cell activation and helps to maintain the enhanced 
cytosolic Ca

+2
 levels during signal transduction 

KCNC4 cg26189021 
 

Body 0.14 
 

This K+ channel modulates the membrane potential directly by regulating the 
generation of cytosolic Ca2+ signals. KCNC4 channels are key regulators in 
the stress response of irradiated leukemia cells 

CORO1B / 
PTPRCAP 

cg12044599 
 
 
 
 

cg23468927 
 

Body /  
TSS1500 

 
 

 
Body /  

TSS1500 
 

0.17 
 
 
 
 

0.15 
 

Coronin 2, the protein product of CORO1B gene, has been implicated in  
actin-based processes such as cell migration. Coronin1A, another member of 
coronin protein familiy, has been related to T cell survival and has been 
associated with T cell immunodeficiencies 
 
The protein encoded by PTPRCAP is required for normal antigen-receptor 
signaling and function in lymphocytes. Its association with the protein 
phosphatase CD45, seems to modulate signal transduction by  regulating the 
CD45-LCK interaction 

XCL1 cg21872093 TSS1500 0.13 This chemokine is important in the regulation of T and B lymphocytes and 
neutrophil trafficking 

WNT5A cg24049183 Body 0.17 WNT5A protects isolated GC B cells from apoptosis by initiating the 
noncanonical b-catenin–independent signaling pathway 

AKT3 
 
 

cg24455383 Body 0.14 AKT, as the major effector downstream of phosphatidylinositol 3-kinase 
(PI3K) signaling pathway, plays a key role in peripheral B-cell maturation and 
survival 

RPTOR cg00701918 Body 0.15 This component of the mTORC1 complex is one of the main targets of AKT. 
Is required for proliferation of splenic B cells and  promotes B cell responses 
to LPS in the absence of PI3K activation 

IKBKE cg26859016 TSS1500 0.11 IKBKE is a non-canonical IKK family member that plays an important role in 
the regulation of inflammatory signaling pathway. This kinase activates NF-
κB and is able to activate AKT in an PI3K independent way. 

STK11 cg08317252 Body 0.11 It has been reported that this master kinase is important for cessation of the 
GC reaction, plasma cell differentiation, and suppression of tumorigenesis 

DUSP2 cg02431562 Body 0.13 This phosphatase is involved in the regulation of a number of MAP kinase-
dependent physiological processes that occur during the proliferation and 
differentiation of hemopoietic cells 

TNFRSF10A cg23303108 TSS1500 0.11 Receptor of the proapoptotic protein TRAIL, that has been involved in the 

apoptosis necessary to eliminate primary plasma cells after the synthesis and 
secretion of large amounts of Antibodies 

HDAC4 cg11231069 Body 0.12 Chromatin modifier that is recruited by BCL-6 transcriptional repressor to 
regulate lymphocyte function, survival, and differentiation 

MTA3 
 

cg06342490 TSS1500 0.15 MTA3 is a subunit of the transcriptional corepressor Mi-2/NuRD, with a 
prominent role in B cell fate determination trough its interaction with BCL-6 
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Figure R9. Comparison of DNA methylation profiles of B cells from monocygotic twins 
discordant for CVID. (A) Heatmap showing the differentially methylated CpGs between the B cells 
from twins discordant for CVID obtained through the DNA methylation array. A technical triplicate was 
analyzed for each sample (R1, R2, R3). The heatmap scale shows the B value range, where 1 indicates 
total methylation (red), and 0 the absence of methylation (blue). After comparison, B cells from CVID 
twin showed 230 hypermethylated CpGs, while 81 CpGs were hypomethylated (∆B value ≥ 0.1)   (B) 
Genomic distribution of differentially methylated CpGs. The analyzed CpGs could be associated with 
genes and localized at the 3’ UTR region, at the gene body, or at the promoter region. At the promoter 
level, the CpGs could be localized within 1500bp of the transcription start site (TSS1500), within 200bp 
of the transcription start site (TSS200), at the 5’ UTR or in the first exon (1st exon). The CpGs that are 
not associated with genes are considered intergenic. (C) Gene Ontology enrichment analysis of genes 
associated with differentially methylated CpGs. The bar charts show the most relevant and significantly 
enriched GO categories, the p values, and the percentage of hyper or hypomethylated genes that are 
contained in each category. (D) Heatmaps showing the expression differences between a small cohort 
of CVID and healthy individuals for hypermethylated genes (left panel) and hypomethylated genes (right 
panel). Beside of each heatmap, a Venn diagram shows the overlap between genes that are 
hypermethylated and genes that are downregulated in CVID with respect  to healthy individuals, or the 
overlap between hypomethylated and genes that are upregulated in CVID with respect to healthy 
individuals. 
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Figure R10. Validation of DNA methylation results by bisulfite pyrosequencing. (A) Schemes 
depicting a selection of genes indicating the CpG that it is differentially methylated (red line) and its 
relative location with respect to the TSS (arrow). Additional CpG sites are also represented with vertical 
black lines. CpG islands are represented with a green bar. (B) Bisulfite pyrosequencing of selected 
genes. In addition to CD19

+ 
B lymphocytes, CD4

+
 T lymphocytes and CD14

+
 cells (monocytes) were 

analyzed. Methylation levels are represented as a percentage (C) Beta values obtained in the DNA 
methylation array of the B cells from CVID twin show higher levels of DNA methylation (∆B value ≥ 0.1)  
in the analyzed genes when compared with B cells from its healthy brother. Black filled circles indicate 
the B values triplicate in the control twin. Black filled triangles indicate the B values triplicate in the CVID 
twin. Black line indicates the average of B values in each condition. 
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Table R2. Selection of hypermethylated genes to the validation process 

Gene Full Name 

BCL2L1 BCL2-like 1 
 

TCF3 Transcription factor 3 
 

PIK3CD Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit delta 
 

RPS6KB2 Ribosomal protein S6 kinase, 70kDa, polypeptide 2 
 

KCNN4 
 

Potassium intermediate/small conductance calcium-activated channel, subfamily N, member 4 
 

KCNC4 Potassium voltage-gated channel, Shaw-related subfamily, member 4 
 

CORO1B Coronin, actin binding protein, 1B 
 

PTPRCAP Protein tyrosine phosphatase, receptor type, C-associated protein 
 

 

 

4.2.3. The efficiency of demethylation of B cell regulators is partially impaired in 

the transition from naïve to memory cells in CVID patients 

To address the aforementioned question, we therefore proceeded to analyze the DNA 

methylation levels in selected hypermethylated genes for three B cell subsets in a 

cohort of 12 healthy donors and 16 CVID patients. Specifically, we measured the 

methylation levels of all these genes in naïve (CD19+CD27-IgD+), unswitched 

(CD19+CD27+IgD+) and switched (CD19+CD27+IgD-) B lymphocytes. The relative 

numbers of these B cell subsets differed between CVID and healthy individuals. For an 

equivalent number of naïve cells, the unswitched B cell subset was present at similar 

levels in CVID and healthy individuals, but switched memory cells were much less 

frequent in CVID individuals (Figure R11A). 

We then compared the methylation levels of the B cell subsets in the control 

group, observing a progressive loss of methylation from naïve cells to switched 

memory B cells (Figure R11B). For instance, BCL2L1 displayed an average 79% 

methylation in naïve cells, 49% in unswitched memory cells and only 13% in switched 

memory cells (Table R3). Similar changes towards lower DNA methylation levels from 

naïve to switched memory cells were found for all the other genes in our list (Table R3), 

highlighting the close association between the differentiation of naïve cells to memory 

cells and the loss of methylation in these relevant genes. These findings are 

compatible with the increased expression levels of these genes and the function of 

their products in memory cells. These results are also in agreement with the 

progressive loss of methylation and gain of expression during B cell differentiation (Lai 

et al., 2013). 
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 Notably, when we analyzed the DNA methylation levels of these genes in the 

three B cell subsets in CVID patients, we observed impairment in the loss of 

methylation as cells transition from naïve to switched memory B cells (Figure R11B). 

For instance, focusing again on BCL2L1, the average methylation levels were 

significantly higher for memory cells (both unswitched and switched) in CVID 

individuals than in healthy controls (Table R3). This behavior was generally observed 

for all genes (see Figure R11 and Table R3). 

We observed that the levels of methylation for all genes in naïve B cells from 

CVID individuals were almost identical to those from healthy controls. However, the 

average levels for all these genes in unswitched and switched B cells were higher for 

CVID than for control individuals. In general, unswitched and switched memory B cells 

tended to be hypermethylated relative to controls. This finding suggests impaired loss 

of methylation for these genes during B cell differentiation in CVID patients. 

 

 

Figure R11. Comparison of DNA methylation levels of selected genes in different B cell subsets 
in a cohort of CVID patients and healthy donors. (A) Graph showing the relative amount of cells in 
each B cell subset (naïve, unswitched (US), switched (S) memory cells) in CVID patients and healthy 
donors. The cell number is relative to the naïve B cell subset. (B) Box and whisker plots showing the 
percentage of DNA methylation obtained by pyrosequencing in the 8 validated genes. White boxes 
represent the DNA methylation levels in healthy donors. Gray boxes represent DNA methylation levels 
in CVID patients. The analyzed B cell subsets were Naïve, Unswitched, and Switched B cells. The p 
value is showed in the cases with a statistically significant difference 
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Figure R11. Comparison of DNA methylation levels of selected genes in different B cell subsets 

in a cohort of CVID patients and healthy donors. Continued from the previous page. 
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Table R3. Average of the percentage of DNA methylation obtained in the three B 

cell subsets from CVID patients and healthy donors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene  Naive Unswitched Switched 

  AVG %Meth SD AVG %Meth SD AVG%Meth SD 

BCL2L1 
Control 79 22 49 25 13 6 
CVID 80 31 62 25 21 24 

 

TCF3 
Control 87 7 42 20 21 10 
CVID 77 29 62 32 32 25 

 

PIK3CD 
Control 80 23 33 18 18 16 
CVID 82 23 54 29 31 26 

 

RPS6KB2 
Control 87 13 22 28 14 22 
CVID 76 33 66 40 35 45 

 

KCNN4 
Control 93 8 35 28 8 9 
CVID 86 15 53 37 11 9 

 

KCNC4 
Control 87 7 40 20 11 8 
CVID 84 17 41 41 59 37 

 

CORO1B / PTPRCAP 

Control 81 18 46 38 26 25 
CVID 87 11 72 31 64 39 

 
Control 81 31 21 29 18 23 
CVID 88 15 44 40 31 38 
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5. DISCUSSION 

The two studies contained in this doctoral thesis represent two different strategies to 

explore the participation of epigenetic alterations in the context of two different 

immunodeficiencies, HIGM syndrome and CVID.  Firstly, we have investigated the 

ability of AID, mutated in HIGM syndrome, in targeting epigenetic modifications and 

have identified that it is able to interact with H4K20 methylating enzymes and increase 

H4K20me3 levels at AID target sites, perhaps related to efficient CSR by modulating 

H4K20me3 levels. This could be impaired in HIGM AID mutants, which might 

contribute to the pathogenesis of HIGM. However we have been unable to identify 

those changes in our cellular model. Secondly, we have identified impairment in the 

demethylation of certain key genes during differentiation of B cells from CVID patients, 

which might be related with the alterations of proportions in B cell subsets observed in 

this disease. In the following section, the results obtained during this doctoral thesis are 

further discussed. 

5.1. AID ability to target epigenetic changes: impact on Hyper-IgM Syndrome 

Several lines of evidence point to the epigenetic mechanisms as key regulators of the 

events associated with antibody affinity maturation. SHM and CSR involve important 

alterations in DNA structure and epigenetic mechanisms have shown not only to be 

crucial for the establishment of the proper DNA conformation during these processes, 

but also for the recruitment of the machinery required. 

 The targeting of AID activity to specific DNA regions has been one of the most 

studied aspects related to B cell activation. Nevertheless, it still remains to be  

elucidated. Most of the research efforts related to epigenetics mechanisms and 

antibody affinity maturation have been focused on describing epigenetic landscapes 

that contribute to the AID targeting and binding for CSR and SHM and, accordingly, 

AID recruitment has been associated with specific histone marks and specific DNA 

methylation patterns. 

 Nevertheless, there are also evidences of a direct role of AID in establishing 

epigenetic mechanisms. AID expression and activity is one of the main events 

triggered during B cell activation, therefore, the proposal of a regulatory role of AID in 

addition to its deamination catalytic activity, is a very attractive and plausible idea. 

 B cell activation models are invaluable tools to determine the main events 

during this process and to gain insights closer to the physiological context related with 

non-epigenetics and epigenetics aspects. Nevertheless, regarding epigenetic 
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mechanisms, specific effects attributed to AID can be masked by the upstream and 

downstream events around AID expression and activity that occur during B cell 

activation. This is evident by analyzing the differences in histone acetylation levels 

across the IGH locus after two different stimuli to undergo CSR. Splenic murine B cells 

were activated with LPS+ CD-40L or with LPS+CD-40L+IL-4. Both stimuli trigger the 

expression and activity of AID, however, these stimuli differentially modulate the 

chromatin status at the IGH locus. Stimulation with LPS+CD-40L is associated with an 

increase in histone acetylation in Sμ and Iγ3 regions, with almost no variation in S 

regions and promoters of γ1 and ε loci.  Conversely, LPS+CD-40L+IL-4 stimulation 

increase the histone acetylation in the γ1 and ε loci, whereas the Sμ and γ3 regions are 

unaffected (Wang et al., 2006). These findings are in agreement with the role of the 

cytokines in driving the decisions about the immunoglobulin isotype selected for 

switching, but since both stimulations require AID expression and activity, these 

models of B cell activation difficult the establishment of a direct role for AID in 

regulating the chromatin status at the IGH locus, at least regarding to histone 

acetylation levels, but also extensive to other epigenetic marks. 

 For that reason, we decided to analyze the two main epigenetic mechanisms, 

DNA methylation and histone modifications, in two different cells systems with inducible 

expression of AID to evaluate its possible direct regulatory role in epigenetic 

mechanisms. On the one hand, Hela cells, which have been widely used in different 

molecular biology approaches, provides a good study system due to its rapid growth 

rate and its easy handling during experimental procedures. On the other, the cell line 

Jiyoye provides a B cell context that lacks AID expression and therefore constitutes a 

good model to evaluate the effects of AID overexpression. 

 Our first observation was that following DNase I chromatin digestion, AID 

presented a similar release pattern than the exhibited by H4K20me3 heterochromatic 

mark. It is well established that AID is targeted to actively transcribed open chromatin 

regions and it has been reported that its localization is associated with active histone 

marks (Yamane et al., 2011), therefore it was expected to observe a coincidence in the 

release pattern of AID and the active histone marks represented by H3K4me3 and 

H3Ac in our experiment.  Unexpectedly, AID was absent in the soluble fraction of 

DNase I digestion and mirrored the pattern of release of H4K20me3 in the insoluble 

fraction of the digestion. This fraction is not only associated with constitutive 

heterochromatin, but also contains regions of chromatin associated with large 

multimeric (transcriptional and DNA-repair) protein complexes (Thambirajah et al., 

2012), which we presume are the most probably AID associated regions.   
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 Then, we decided to analyze the epigenetic status of IGH locus, specifically at 

the Sμ and Cμ regions, the bona fide respective binding and non-binding sites for AID. 

Uninduced Hela and Jiyoye cells exhibit a similar pattern of DNA methylation in Sμ and 

Cμ regions; however, the Sμ regions appear to be more methylated in Hela than Jiyoye 

cells, whereas Cμ regions are more methylated in Jiyoye than Hela cells, which might 

reflect cell-specific epigenetic patterns. Accordingly, Jiyoye pronouncedly showed the 

epigenetic pattern previously described in B cells for Sμ and Cμ regions, with low and 

high DNA methylation levels respectively. Following the induction of AID expression 

and nuclear accumulation, it was not observed any alteration of this DNA methylation 

status neither in Jiyoye nor in Hela cells. Given that the Sμ region displayed very low 

levels of DNA methylation before the AID induction, we decided to analyze PAX5, an 

alternative target of AID, also reported previously (Yamane et al., 2011). The region 

analyzed in PAX5 presented high levels of DNA methylation before AID expression in 

both, Hela and Jiyoye cells, and similarly to Sμ regions, PAX5 did not change its DNA 

methylation levels after AID expression.  

 Moreover, we analyzed the global levels DNA methylation in Jiyoye cells before 

and after AID induction by using the 450K Illumina DNA methylation array and there 

were very few DNA methylation changes associated with AID overexpression. and at a 

similar extent of the ones observed when comparing different control samples.  

 This constituted an unexpected finding, given that at the moment in which this 

project started, AID had emerged as one of the strongest candidates to participate in 

the DNA demethylation mechanisms. As aforementioned, although there are 

biochemical evidences against the role of AID in DNA demethylation (Nabel et al., 

2012), evidence from studies in embryonic contexts still supports the participation of 

AID in DNA demethylation mechanisms (Bhutani et al., 2010; Morgan et al., 2004; 

Popp et al., 2010). Additionally, different facts contributed to the proposal of AID role in 

DNA demethylation in B cells. It has been reported a marked shift in DNA methylation 

patterning in GC B cells versus resting/naive B cells, in which GC B cells were 

predominantly hypomethylated compared with naive B cells and AID binding sites were 

highly overrepresented among hypomethylated loci (Shaknovich et al., 2011). 

Supporting these findings, the analysis of the complete DNA methylome of the three 

mature B-cell subpopulations, naïve B cells, class switched and unswitched memory B 

cells; it has been reported that the transition from naïve to class switched memory B 

cells is associated with a global shift toward hypomethylation, and it has been 

suggested that these changes probably take place in GC (Kulis et al., 2012). Thus, 

DNA methylation analysis regarding B cell activation, together with the involvement of 
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AID in the DNA demethylation pathway, points AID as a strong candidate to drive the 

DNA methylation changes described in this context. 

  To dissipate any doubts about the involvement of AID in DNA demethylation 

events in B cells, and supporting the results obtained in this doctoral thesis, it was 

recently published a work in which it was confirmed the inability of AID to drive DNA 

methylation changes in mice models of B cell activation. By analyzing the 

transcriptome and methylome of Aid-deficient, wild-type and Aid-overexpressing 

activated B cells, Fritz and colleagues were not able to detect any change in DNA 

methylation profile to support the proposed role for AID in regulating DNA methylation 

(Fritz et al., 2013). The analysis of our model system also revealed the lack of effects 

on DNA methylation, suggesting that contribution of the cytidine deaminase activity of 

AID in DNA methylation, if any, is restricted to specific situations and is not simply 

associated with a high expression of AID, perhaps more related to differentiation 

processes. Thus, the results about the role of AID on DNA methylation reported in this 

doctoral thesis are in agreement with actual investigations. 

 Regarding the direct role of AID in modulating epigenetic mechanisms, 

specifically histone marks, there is evidence that suggest that AID is involved in the 

modulation of histone acetylation during B cell activation. It has been reported that AID- 

deficient B cells showed reduced levels of acetylation in both, H3 and H4 histones in S 

regions. Thus, the increase of H3Ac and H4Ac levels observed during B cell activation 

depends on AID expression (Wang et al., 2006), therefore this finding constitute an 

evidence of a regulatory role of AID in epigenetic mechanisms. 

 During this doctoral thesis, we proposed to determine the direct effects of AID in 

the epigenetic modulation at the global level and at the IGH locus. One of the most 

relevant findings of this doctoral thesis was the identification of the mechanistic link 

between AID and H4K20 methylation changes. Our results demonstrated a novel 

interaction between AID and SUV420H enzymes that resulted in the increase of 

H4K20me3 and changes in the accessibility to the SUV420H enzymes to the Sμ sites 

at the IGH locus. These interactions and changes were impaired in the AID W68X 

mutant and probably in the R190X mutant. H4K20 methylation is a histone modification 

that has been linked with diverse epigenetic functions. In B cell context, it has been 

demonstrated that alterations in the methylation states of H4K20 have profound effects 

on CSR. The characterization of Suv4-20h-dn mice revealed that loss of H4K20me2 

and H4K20me3 histone marks, with the consequent transition to an H4K20me1 state, 

results in compromised chromatin that is insufficient to protect genome integrity and to 
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the proper processing of DNA recombination events, such as CSR (Schotta et al., 

2008). 

 The increase in the H4K20me3 levels induced by AID overexpression in our cell 

system was not related with changes in the accessibility of S regions or with alterations 

in the transcription of the μGLT, therefore there is not a clear evidence of the role of 

this change during CSR. Recently, it has been proposed that hMOF-mediated 

H4K16Ac and SUV420H2-mediated H4K20me3 play opposing roles in the regulation of 

Pol II pausing. H4K16Ac promoted the release of Pol II from pausing, whereas Pol II 

remained paused in the presence of H4K20me3 (Kapoor-Vazirani et al., 2011). It is 

well established that the stalling of Pol II is a crucial step for AID targeting. Stalled Pol II 

not only acts a docking protein for the AID recruitment through Spt5 interaction (Pavri 

et al., 2010), but also facilitates the recruitment of histone modifiers to generate 

accessibility required for AID activity (Wang et al., 2009). On the basis of these 

findings, we suggest that AID might reinforce the stalling of Pol II by recruiting SUV4-

20H2 and the increase of the H4K20me3 levels at the Sμ region, thus generating a 

positive feedback loop that reinforce its recruitment to mediate CSR. A further 

investigation is required to support this hypothesis. 

 Previous findings and the results that have been shown in this doctoral thesis 

provide evidence of an AID role beyond its catalytic activity during antibodies affinity 

maturation. The discovery of AID partners and the function of the different interactions 

established by AID is a crucial step to fully understand the additional roles of this 

enzyme during CSR and SHM. Thus this doctoral thesis is contributing to the 

understanding of AID roles by revealing a new protein interaction with SUV4-20H 

enzymes with potential physiological role. Moreover, there is evidence that this 

interaction is impaired in HIGM AID mutants, which can provide an additional 

mechanism of deficient B cell function in HIGM. 

5.2. DNA methylation alterations in CVID 

Our study demonstrates for the first time the existence of DNA methylation alterations 

in CVID, most notably, in genes relevant to B cell function. The observed changes in 

CVID individuals indicate that the unswitched and switched memory cell subsets are 

impaired to achieve the DNA demethylation found in healthy individuals. In contrast, 

the naïve B cell subset of CVID patients displays normal levels of methylation. The 

observed changes might be one of the mechanisms participating in the defective 

generation of memory cells in CVID individuals. Also, our results prove that studies of 

monozygotic twins are an extremely valuable for identifying DNA methylation 
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differences, since interference with the genetic contribution is minimized and it is 

possible to tease out the epigenetic component.  

 Various lines of evidence indicate that both genetic and epigenetic factors play 

a role in the development of primary immunodeficiencies (Knight, 2013). Despite 

enormous efforts to elucidate the genetic basis of CVID, its molecular basis remains 

elusive for most patients. Several factors and pathways relevant to B cell biology have 

been associated with CVID in genetic studies. Our analysis here has revealed 

additional elements of these pathways that are altered at the DNA methylation level 

(Figure D1). An important target for alterations in CVID is the B cell receptor (BCR) 

signaling pathway. BCRs initiate and control several key processes, such as 

proliferation, differentiation, migration, activation and survival of B cells, and signaling 

through this receptor is important not only during the first steps of B cell differentiation 

in the bone marrow, but also for the proper function of fully differentiated B cells 

(McHeyzer-Williams et al., 2011). Although the BCR has not been reported to be 

genetically altered in CVID patients, and is by itself the source of a separate group of 

PIDs, there is evidence of alterations in several molecules that are necessary to its 

function in this disorder. For instance, genes that encode molecules such as CD19, 

CD21, CD81, CD20 (Kuijpers et al., 2010; Thiel et al., 2012; van Zelm et al., 2006; 

Zelm and Smet, 2010) are mutated in some CVID patients. CD19, CD21 and CD81 

make up the B cell co-receptor complex, whose function is to decrease the threshold of 

B cell activation, conferring an enhanced response against pathogens at low 

concentrations. Specifically, CD81 is necessary for the expression of CD19, while 

CD21 is a receptor for the complement component C3d. Moreover, CD19 is 

responsible for BCR signal enhancement mainly through the activation of PI3K 

signaling.   

In our study, one of the most interesting genes displaying increased DNA 

methylation in memory B cells from CVID individuals was PI3KCD.  This gene encodes 

p110δ, the catalytic subunit of one of the PI3K isoforms, a master regulator of B cell 

signaling due to its role in the transduction of signals from different molecules and 

receptors. Through the generation of inositol-1,4,5-trisphosphate 3 (PIP3), p110δ 

recruits and activates important proteins that drive the downstream effects of BCR 

signaling (Durand et al., 2009). Mutations in this gene have been described for several 

PIDs (Angulo et al., 2013; Lucas et al., 2014; Salzer et al., 2013; Thiel et al., 2012). 
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Figure D1. Scheme depicting B cell factors that have been implicated in CVID from genetic studies or from the present study, looking at DNA methylation changes. In blue, 
molecules whose encoding genes have been reported to be altered in CVID. In red, the products of genes that were found to be hypermethylated in memory B cells in our study. In gray, 
molecules important in B cell biology and related to the genetically or epigenetically altered molecules. The table on the right panel contains the names for the genes and proteins. In addition, 
the following proteins/genes are represented: BCR, B cell receptor; Igα and Igβ, BCR co-receptors; CD45, receptor-like tyrosine phosphatase that regulates the action of the Src family 
kinases. The table on the right bottom side contains the names for the genes and proteins. In addition, the following molecules, proteins, and organelles are depicted in dark gray: P, 
phosphorylation; PIP2, Phosphatidylinositol-4,5-biphosphate; PIP3, inositol-1,4,5-trisphosphate; PDK1, 3-phosphoinositide-dependent protein kinase-1; p85, regulatory subunit of PI3K; S6, S6 
ribosomal protein; Src, family of kinases that triggers BCR signaling by phosphorylation of   Igα and Igβ; ER, endoplasmic reticulum. 
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One of the downstream effects of PI3K signaling is the increase in the 

intracellular Ca2+ levels to generate a “Ca2+ signal”. PIP3 can induce the release of the 

calcium stores from the endoplasmic reticulum to the cytosol. Another downstream 

effect of PI3K signaling is the activation of the AKT/mTORC/SP6K axis. PIP3 promotes 

the activation of AKT, which in turn phosphorylates and activates the mTORC 

complexes. The activated mTORC complexes then phosphorylate and activate 

different substrates, such as the S6K2 kinase (encoded by RSP6KB2) (Figure D1). We 

have also found this gene to be hypermethylated in memory B cells in CVID patients. 

The S6K2 kinase has several substrates, but its main function is to phosphorylate the 

ribosomal protein S6, promoting cell growth and protein synthesis. 

Once the Ca2+ signal has been initiated, other proteins become involved in the 

enhancement and maintenance of the raised Ca2+ levels.  Although Coronin2, encoded 

by CORO1B, also hypermethylated in CVID memory B cells, has not been related to B 

cells directly, it has been reported that one member of its family, CORO1A, has an 

important role in the immune system through Ca2+ mobilization mediated by actin 

remodeling changes. It is possible that CORO1B has similar roles in the B cell context, 

but this remains to be determined. Other molecules with an important role in calcium 

signaling are the potassium channels, like those encoded by other genes 

hypermethylated in CVID B cells, KCNN4 and KCNC4 (Figure D1). They are 

responsible for maintaining the elevated calcium levels through the mobilization of K+ 

ions to the extracellular medium. 

B cell differentiation and activation require high rates of protein synthesis and 

proliferation. In normal conditions both may provide an apoptotic stimulus, requiring the 

action of anti-apoptotic molecules such as BCL2-XL (Figure D1), encoded by the 

BCL2-L1 gene, and which are also hypermethylated in CVID B cells. This protein 

maintains the mitochondrial and blocks the release of cytochrome c from mitochondria. 

Finally, at the end of BCR signaling there are the transcription factors, which 

can transform the signals received at the cell surface into gene expression changes 

that enable the cell to adapt and respond. To ensure the proper gene expression 

pattern is achieved for the different stimuli, it is important not only for several 

transcription factors to be activated, but also for those that are not required to be 

blocked. E2A (encoded by another hypermethylated gene in CVID memory B cells, 

namely TCF3) (Figure D1) and NF-κB are two examples of transcription factors 

activated during BCR signaling, while FOXO transcription factors are blocked after 

BCR activation. 
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Our findings regarding the impaired ability to demethylate genes during the 

transition from naïve or memory cells reinforces the notion emerging from various 

studies that CVID individuals are deficient in differentiating towards memory B cells. 

For instance, we have known for over 40 years that CD73 activity is reduced in B 

lymphocytes of patients suffering from immunodeficiency syndromes (Edwards et al., 

1978; Johnson et al., 1977) and we now know that CD73-dependent adenosine 

generation favors class-switch recombination, endowing the B cell with an intrinsic 

control of differentiation towards immunoglobulin class-switched plasma cells (Schena 

et al., 2013). As mentioned above, CVID patients have severely deficient levels of 

switched memory B cells (Warnatz et al., 2002). These altered proportions of B cell 

subsets are also reflected in the cell counts in the cohort of CVID individuals analyzed 

in this study. Interestingly, at the DNA methylation level, genes like PI3KCD, 

RSP6KB2, KCNN4, KCNC4, CORO1B, and BCL2L1 are hypermethylated in memory B 

cells of CVID individuals relative to healthy individuals, or, in other words, they do not 

undergo the demethylation in the transition from naïve to memory cells observed in 

healthy individuals. This could also be interpreted as meaning that if the DNA 

methylation patterns for these genes in memory cells from CVID individuals were 

reminiscent of those from naïve cells, their ability to respond/maintain appropriate 

responses could therefore be diminished. 

 Finally, our investigation demonstrates the utility of twin studies for identifying 

epigenetic changes in complex diseases. Given that monozygotic twins share their 

entire genotype (and potentially specific susceptibility gene variants), our results 

reinforce the notion that, for a particular genetic background, epigenetic changes are 

related to the onset of CVID. However, currently, we cannot distinguish whether these 

epigenetic changes are a cause or a consequence; in other words, whether the DNA 

methylation changes are caused by these individual’s genetic predisposition, perhaps 

influenced by the environment, or whether environmental factors cause the CVID by 

some unknown mechanism, which is then accompanied by immune responses that are 

secondary to the CVID. 

A potential constraint on the use of this approach arises from the fact that many 

monozygotic monochorionic twins exchange blood through shared vascular 

communication. If any DNA methylation changes occur in the blood of one of the twins 

before birth, it is common for both of them to show it. Only the sibling of the pair in 

whom the change has originally occurred may present the phenotype, because 

additional cells of the body could be affected. Therefore, monozygotic twins are a good 

model system for diseases, like PIDs, that start to develop after birth, when there is no 



 

100 
 

blood sharing. Our data do not allow us to draw any conclusions about the timing of the 

DNA methylation changes observed, although it is likely that they are associated with 

the onset of the disease. 

A previous study by our team revealed the existence of epigenetic differences 

between monozygotic twins that are discordant for SLE (Javierre et al., 2010), 

reinforcing the notion of an epigenetic component in complex, immune-related 

diseases. Epigenetic differences in monozygotic twins become more pronounced with 

age, supporting the idea that “epigenetic drift” plays a role in the divergence of 

monozygotic phenotypes (Fraga et al., 2005). Data obtained from monozygotic and 

dizygotic twins have provided further evidence that differences in epigenomes can 

explain phenotypic differences (Kaminsky et al., 2009). Thus, the present report, in 

which the discordance for CVID between a pair of monozygotic twins is used to identify 

epigenetic targets, highlights the potential of this strategy for learning about the 

contribution of epigenetics to immune-related disorders as well as to other complex 

diseases. 
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6. CONCLUSIONS 

The conclusions obtained during this doctoral thesis can be summarized as follows: 

1. Analysis of a B cell lines-based inducible system for AID shows that during DNase I 

digestion, AID is associated with the insoluble fraction of chromatin, together with the 

heterochromatin histone modification H4K20me3. 

2. AID induction and its nuclear accumulation have no effects on global and gene-

specific DNA methylation, in agreement with recent results by other laboratories. These 

results discard a role for AID in active DNA demethylation, at least in B cell models. 

3. AID induction and its nuclear accumulation causes a discrete but robust increase in 

the global levels of H4K20me3. 

4. Association of AID with the Sμ region of the IGH locus is concomitant with a specific 

local increase of H4K20me3 in both, Jiyoye and Hela cells, whereas H3K4me3 

increases after AID overexpression and nuclear accumulation only in Jiyoye cells, and 

H3K27me3 do not experiment significant changes. This suggests a specific modulation 

of H4K20me3 levels by AID. 

5. AID interacts with the three members of the SUV4-20H family and modifies their 

binding to the Sμ region of the IGH locus. Co-expression of AID and SUV4-20H1_i1 

and SUV4-20H1_i2 results in a diminished binding of these enzymes to the Sμ regions, 

whereas the co-expression of AID and SUV4-20H2 is translated to an increased 

binding of this enzyme to the Sμ regions. This provides a possible mechanism to 

explain the increased levels of H4K20me3 following AID overexpression and nuclear 

accumulation.  

6. Hyper-IgM AID mutations have different effects on AID nuclear localization. 

Missense mutations present similar subcellular localization when compared with WT 

AID, whereas the nonsense mutations, W68X and R190X, which lack the nuclear 

export signal show a constitutively nuclear localization that is unaffected by the LMB 

treatment. 

7. The W68X mutant for AID displays a lower ability to interact with SUV4-20H2 

enzyme when compared with WT AID. Accordingly, the co-expression of W68X mutant 

and SUV4-20H2 shows an impaired recruitment of the latter to the Sμ region.  

8. The results obtained using the AID system suggest that this enzyme has a 

regulatory role of epigenetic mechanisms, specifically by the direct modulation of the 
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levels of H4K20me3. Additionally, this regulatory role could be impaired in some HIGM 

mutations. However, we have been unable to detect any alteration on the levels of 

H4K20me3 for the mutant that we have analyzed, specifically the W68X mutant. 

9. The comparison of the DNA methylation patterns of total B cells between a pair of 

monozygotic twins discordant for CVID reveals the predominant gain of DNA 

methylation in the CVID sibling. Specifically, it has been identified hypermethylation in 

230 CpG sites and hypomethylation in 81 CpG sites.  

10. The identified changes in DNA methylation in CVID are specific to B cells, as 

demonstrated by the analysis of T cells and monocytes. 

11. Analysis of the functional categories from our high-throughput screening of DNA 

methylation through GO analysis reveals an enrichment of important biological 

processes in the differentially methylated genes. The significant enriched categories 

are not only related to general biological processes, but are also involved in central 

pathways of B cell biology and differentiation. 

12. Analysis of DNA methylation in a selection of relevant genes among the 

hypermethylated set of genes in naïve B cells, and the unswitched and switched 

memory B cells, indicates a progressive loss of DNA methylation in healthy individuals 

that is impaired in CVID patients. The DNA methylation profile of memory B cells from 

CVID patients resembles the DNA methylation profile observed in naïve B cells,  

suggesting a defect in the establishment of the proper epigenetic pattern during B cell 

differentiation in this disorder.  
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8. SUPPLEMENTARY INFORMATION 

In the following section, I enclose two publications in which I participated. The first one 

is a review published in Epigenomics in 2011. The review is entitled:  "Epigenomic 

deregulation in the immune system". In this publication, we presented the relevant 

findings that linked epigenetics mechanisms with immunological disorders and we 

highlighted the importance of the epigenetic analysis to understand the molecular 

mechanisms underlying  immune system associated diseases. 

 In the second publication included in this section, I participated as a co-author. 

This was a study from my group lab in which we determined the DNA methylation 

changes associated with immortalization of B cells after the infection with EBV. This 

work was published in Genome Biology in 2013. The title of this publication is "The B 

cell transcription program mediates hypomethylation and overexpression of key 

genes in Epstein-Barr virus-associated proliferative conversion". In addition to the 

characterization of DNA methylation changes associated with the immortalization of B 

cells by EBV, we determined that these changes were mainly associated with genes 

regulated  by B cell specific transcription factors. Thus, we proposed that the B cell 

transcription program drives the epigenetic changes that allows the expression of 

relevant genes during immortalization with EBV. 

 

 

 



 

 
 

 



Epigenomic deregulation in the immune system

The immune system encompasses different cells 
and molecules that protect the host organism by 
recognizing and eliminating potentially harm-
ful internal or external agents. The immune 
response comprises both innate and adaptive 
mechanisms that are integrated and coordinated 
to provide specific lines of defense in function 
of the threatening pathogen or situation. Innate 
immune cells (chiefly, macrophages, neutrophils, 
dendritic cells and natural killer lymphocytes) 
provide a more rapid but less specific response to 
microbial infections than do adaptive immune 
cells (primarily B and T lymphocytes), which 
provide a highly antigen-specific response and 
immunological memory [1,2]. 

Innate immune cells recognize highly con-
served molecules present in a variety of micro-
organisms through a set of germline-encoded 
receptors, known as pattern recognition recep-
tors that are not modified through recombina-
tion after fertilization [3]. Interactions between 
microorganisms and pattern recognition recep-
tors lead to activation of different innate mecha-
nisms, including phagocytosis, release of inflam-
matory mediators, activation of complement 
system proteins, and synthesis of acute phase pro-
teins, cytokines and chemokines [4]. Unlike the 
pattern recognition receptors of innate cells, the 
receptors of adaptive cells are generated through 
somatic recombination of segments of their 

encoding sequences, and subsequently, selected 
for clonal expansion to provide a wide repertoire 
of specificities, not only against pathogens but 
also against virtually any antigen [5]. However, 
the innate and adaptive mechanisms are not 
separate: communication between the two com-
ponents is mediated by antigen-presenting cells, 
mainly represented by dendritic cells. Antigen-
presenting cells instruct B and T lymphocytes to 
develop a particular effector response through 
the costimulatory signals [6].

Differentiation and activation of immune cells 
are very tightly regulated; they are controlled at 
different stages of development to ensure an effi-
cient immune response that maintains the deli-
cate balance between self-recognition and attack 
of foreign molecules or microorganisms, and that 
discriminates between injured and normal host 
cells. Control of these processes greatly depends 
on the timely expression of specific sets of genes. 
It is well known that during immune cell dif-
ferentiation, complex networks of transcription 
factors orchestrate activation and repression of 
thousands of genes that confer proper cell iden-
tity [7], and that during B or T cell activation, 
several key genes are expressed to enhance the 
specificity of the immune response [8]. There is 
an intimate functional link between transcrip-
tion factors and epigenetic modifications in the 
regulation of gene expression, and as we discuss 

Proper immune function is the result of multiple cell commitment and differentiation steps, and adequate 
control of activation mechanisms. Deregulation of transcriptional programs in immune cells leads to the 
development of hematological malignancies, autoimmune diseases or immunodeficiencies. In this sense, 
epigenetic control of gene expression plays an essential role in the correct function of the immune system 
and the integrity of identity of relevant cell types. Epigenetic deregulation can result as a consequence 
of genetic changes in transcription factors, elements of signaling pathways or epigenetic enzymes, or as 
an effect of a variety of environmental factors. On top of genetic predisposition, viral infection and other 
external factors influence the development of immune-related diseases. In recent years, major strides 
have been made towards understanding the contribution of genetics in these immune disorders. Less 
progress has been made in dissecting the contribution of epigenetic factors in their etiology. Herein, it is 
presented what is currently known about epigenetic alterations in immune system associated disorders. 
It is also discussed how epigenomic analysis can help to understand the molecular basis of these diseases 
and how this information can be used in the clinical setting.
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later, they are codependent. Proper differentia-
tion and activation partly depends on the genetic 
integrity of the genes encoding for these key tran-
scription factors. Myriad genetic alterations or 
polymorphisms have been identified, which has 
contributed to identify factors that are crucial 
in immune cell differentiation and in immune 
regulation. These alterations or variants have 
been associated with various immune-related 
disorders, including autoimmune diseases and 
immunodeficiencies. Genetic defects in hema-
topoietic transcription factors are also key in 
the development of leukemias and lymphomas, 
although these will not be discussed in this arti-
cle. Classical genetic analysis and, more recently, 
genome-wide association studies have enabled 
identification of polymorphisms associated with 
several autoimmune diseases in many genes, 
including several in the MHC region, STAT4, 
PTPN22, IRF5 and others [9]. Regarding immu-
nodeficiencies, several genes (e.g., CD40 ligand 
[CD154]) exhibit mutations that lead to impaired 
class switch recombination, and these are often 
associated with hyper-IgM syndrome [10]. 

Given the interdependence between tran-
scription factors and elements of the epigenetic 
machinery, defects or variations in the sequence 
or structure of transcription factors can affect 
the setting of epigenetic modifications, which 
ultimately have an influence on transcription 
profiles. On the other hand, the cell environ-
ment, including viral infection, exposure to 
chemicals or hormones can also influence the 
epigenetic profile of cells, and therefore, have 
a direct effect on gene-expression profiles. For 
instance, hormones and other small chemicals 
bind their corresponding receptors and bind-
ing can modify their binding properties of 
these receptors to their target genomic sites or 
the subunit composition (including epigenetic 
enzymes) of the nuclear complexes where those 
receptors are embedded. Another example is pro-
vided by viral infection, where viral proteins can 
use the nuclear machinery of the host cell and 
directly target and modify the epigenetic status 
at specific genomic sites. Epigenetic modifica-
tions are essential for gene function as they are 
determinant in the establishment of specific tran-
scription profiles, and ultimately, determine cell 
identity and function. Indeed, there is an ever 
increasing interest in epigenetic modifications, 
however most of the data come from the analysis 
of a few genes. The availability of high-through-
put epigenome mapping techniques is opening 
new possibilities to address the molecular basis of 
these diseases. Herein, we report on some of the 

most relevant findings on epigenetic alterations 
in the context of immune system-related disor-
ders using autoimmune diseases and immuno
deficiencies as prime examples. We will also dis-
cuss the potential effects of viral infection on the 
epigenetic profiles of immune cells.

Epigenetic regulation
Proper cell identity and function requires the 
precise expression or repression of particular 
sets of genes. The gene sets that are specifically 
expressed in different cell types are determined 
by many factors, including which signaling 
pathways are activated, local DNA structure 
and chromatin organization, the availability 
and binding of transcription factors and other 
nuclear factors, and the distribution and dynam-
ics of epigenetic modifications. All these factors 
are interconnected. In this article, we will mainly 
focus on the role of epigenetic modifications.

Epigenetic modifications exist in two major 
forms: DNA methylation and histone post-
translational modifications. Both groups of 
modifications have effects on gene transcription, 
especially when occurring at or near a promoter 
sequence (Figure 1).

In vertebrates, DNA methylation mainly 
takes place at CpG  dinucleotides. CpG  sites 
tend to concentrate in the genome in various 
repetitive elements (e.g., satellite DNA, short 
and long interspersed nuclear elements) and in 
CpG islands, CG‑rich regions coincident with 
the promoters of a high proportion of RNA 
polymerase  II-transcribed genes. In general, 
promoter methylation leads to transcriptional 
repression. In normal cells, most promoter 
CpG islands remain unmethylated and methyla-
tion is limited to a relatively small proportion of 
genes including imprinted genes, X‑linked genes 
in females, and some tissue-specific genes. The 
general repressive role of promoter methyla-
tion is very well characterized in cancer cells, 
where large groups of genes become hypermeth-
ylated at their promoter CpG islands and are 
therefore repressed [11]. It has also been shown 
that regions adjacent to CpG islands, termed 
CpG island shores, can also undergo changes 
in DNA methylation and gene expression [12]. 
Regarding CpG  sites in repetitive sequences, 
these are frequently methylated in normal cells, 
where these elements constitute the major source 
of 5‑methylcytosine. In cancer, these sequences 
become hypomethylated. Hypomethylation of 
repetitive elements is generally associated with 
chromosomal instability and has been proposed 
to participate in increased mutation events [11]. 
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Methylation of CpGs is catalyzed by DNA 
methyltransferases (DNMTs) [13], which use the 
methyl group from S‑adenosylmethionine. DNA 
demethylation can occur as a result of pharma-
cological inhibition of DNMTs. This process is 
the molecular basis for several compounds used 
to decrease aberrant levels of hypermethylation 
in cancer [14]. Alternatively, active demethyl-
ation occurs in a limited specific physiologi-
cal contexts, including cell differentiation and 
reprogramming, and during lymphocyte acti-
vation [15,16]; however, the molecular pathways 
involved remain less well known. Compelling 
evidence indicates that active demethylation 
may be dependent on the activity of cytosine 
deaminases, such as activation-induced cyti-
dine deaminase (AICDA) [17,18]. It has been 
reported that AICDA-dependent demethylation 
would require the participation of the G/T mis-
match-specific thymine DNA glycosylase, and 
the damage response factor GADD45a [19]. 
Recently, conversion of 5‑methylcytosine to 
5‑hydroxymethylcytosine, 5‑formylcytosine 
and 5‑carboxylcytosine by TET proteins has also 
been described, and the possibility that DNA 
demethylation might occur as a TET-mediated 
mechanism is currently explored [20–22]. 

Another major source of epigenetic informa-
tion comes from post-translational modification 
of histones [23]. There are at least 60 amino acid 
residues that can undergo post-translational 
modifications [23]. These include lysine acety-
lation, lysine or arginine (mono-, di- or tri-) 
methylation, serine or threonine phosphory-
lation, and other, less frequent modifications. 
Specific combinations of histone modifications 
constitute a sort of code associated with different 
transcriptional states, competence for DNA rep-
lication or DNA repair. Chromatin immunopre-
cipitation on individual genes, or in combination 
with microarrays or high-throughput sequenc-
ing, is helping to establish associations between 
histone modifications and functional situations. 
For instance, trimethylation of histone H3 at 
lysines 9 and 27 (H3K9me3; H3K27me3) gen-
erally associate with gene repression; whereas 
hyperacetylation of histones  H3 and H4 
(H3Ac; H4Ac) and trimethylation of lysine 4 
of H3 (H3K4me3) are characteristic of many 
active genes. Different enzymes, including his-
tone lysine and arginine methyltransferases and 
demethylases, and histone lysine acetyltransfer-
ases and deacetylases, maintain the balance of 
histone modifications [24]. These enzymes con-
stitute a potential source of new targets for drug 
development [25]. 

Several mechanisms interconnect DNA 
methylation and histone modifications. These 
include factors such as methyl‑CpG binding 
domain proteins that associate with methyl-
ated DNA and are subunits of multiprotein 
complexes that contain histone modification 
enzymes [26]. Polycomb group proteins, such as 
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Figure 1. Relationship of major epigenetic modifications with 
transcriptional activity. This image shows the transition of the active chromatin 
state into the inactive one. Histone octamers are represented by purple circles. DNA 
is represented as a green line. Histone tails are protruding lines from octamers. 
Methyl‑CpG dinucleotides are represented by yellow circles, whereas unmethylated 
CpGs are represented as green circles. In the first state (top), chromatin is relaxed 
and transcriptionally competent: DNA is unmethylated, N‑terminal tails of histones 
are Ac by the action of the HATs and histone H3 tails are methylated at K4 
(H3K4me3). This situation allows the access of transcription factors and leads to 
gene transcription. In the second situation (bottom), histone acetylation is lost by 
the action of the HDACs, and DNA is methylated by DNMTs. Methylated regions 
are enriched with MBDs that are also associated with corepressor complexes. In this 
inactive chromatin, transcription factors are released and the gene is not expressed. 
Ac: Acetylated; DNMT: DNA methyltransferase; HAT: Histone acetyltransferase; 
HDAC: Histone deacetylase; MBD: Methyl‑CpG binding domain protein.
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EZH2, constitute another link between DNA 
methylation and histone modifications [27].

As indicated, epigenetic modifications are 
key to regulating gene expression. The regula-
tory role of epigenetic modifications is amplified 
when this associates with miRNA regulation. 
miRNAs are short (21–24 nucleotides in length), 
ncRNA species that downregulate gene expres-
sion post-transcriptionally. Although miRNAs 
cannot strictly be considered epigenetic factors 
themselves, there are complex networks that 
interconnect them with epigenetic modifica-
tions. Several studies have shown that epigenetic 
mechanisms that regulate miRNA expression. 
Conversely, different subsets of miRNAs control 
the levels of important epigenetic enzymes [28].

Cell identity and function depends on the 
precise expression of thousands of genes and 
the adequate stability of noncoding sequences. 
Transcription factors, miRNAs and epigenetic 
modifications will then be essential to maintain 
the adequate balance. Different cell types and 
specific functional situations are then character-
ized by specific epigenomic profiles and tran-
scriptomes. It is then essential to obtain and 
integrate these data to get a complete under-
standing of the epigenetic control of gene reg-
ulation in the immune system. Furthermore, 
the epigenome acts as an interface between the 
genome and the environment that may be con-
sidered at two levels: the cellular environment 
and the environment surrounding an entire 
organism.

Much knowledge has been acquired on epi-
genetic alterations in immune system-related 
diseases over the past few years. In hemato
logical malignancies, the epigenetic switch at 
many genomic sites is also commonly recog-
nized. However, a better understanding of the 
causes of epigenetic deregulation in other groups 
of disorders, such as autoimmune diseases and 
immunodeficiencies, is needed. Mapping epig-
enomic changes at the DNA methylation, the 
histone modification and the factor binding lev-
els, as well as knowing their direct associations 
with gene expression in immune system cells, 
will surely provide a solid base from which to 
address these issues. 

Epigenetic deregulation in 
autoimmune disease
During the past few years, the study of epi-
genetic alterations in the pathogenesis of auto-
immune diseases is raising unprecedented 
attention among clinicians and researchers in 
the field although our knowledge is still limited. 

Autoimmune diseases are multifactorial illnesses 
caused by aberrant activation of T and/or B cells, 
in the absence of an ongoing infection or other 
discernible cause, that attack the self-molecules 
or components of the organism [29]. To prevent 
harming the organism itself, the system must 
have limited recognition of self-molecules. This 
is achieved through immunological tolerance, 
which ensures that few self-reactive lymphocytes 
are generated, and that these remain inactive 
[30]. Although autoreactive lymphocytes and 
antibodies are found in the general population, 
certain individuals suffer from a combination 
of genetic susceptibility and exposure to envi-
ronmental risk factors that lead to disruption 
of this tolerance, which ultimately provokes 
immunologic attack of their own cells and tissue.

Autoimmune reactions can occur against one 
organ (organ-specific autoimmunity) or against 
various organs (systemic autoimmunity). Organ-
specific autoimmune diseases include diabetes 
mellitus Type 1, primary biliary cirrhosis and 
celiac disease; examples of systemic autoim-
mune diseases are systemic lupus erythematosus 
(SLE), rheumatoid arthritis (RA) and multiple 
sclerosis (MS). Most of the currently available 
epigenetics data on autoimmune disorders has 
focused on two rheumatic diseases, SLE and RA. 
In this section, we will mainly discuss these two 
diseases. 

The etiology of autoimmune diseases remains 
largely unknown. Although several susceptibil-
ity loci, including HLA genes, PTPN22, IRF5 
and STAT4, have been identified, the onset of 
these conditions cannot be explained by genetics 
alone [31,32]. In fact, widely incomplete concor-
dance rates in monozygotic (MZ) twins [33–35] 
strongly support the existence of environmental 
factors in the development of autoimmunity. 
Several environmental risk factors are known 
to be involved, including exposure to chemicals 
or hormones, and viral infection. The pres-
ence of these molecules in the cell environment 
can have effects on cell signaling pathways or 
directly result in their binding with different 
ligand-binding receptors that can translocate to 
the cell nucleus and, ultimately, affect epigen-
etic modifications and consequently, alter the 
activity of genes relevant to immune function. 

The first clues of epigenetic deregulation in 
autoimmune disease arose in the mid-1980s in 
the context of SLE. Treatment of CD4+ T lym-
phocytes with DNMT inhibitors such as 5‑aza-
cytidine, hydralazine or procainamide, which 
potentially result in passive demethylation, 
made these cells autoreactive: they could be 
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activated by autologous macrophages by los-
ing the requirement of an antigen [36,37]. The 
observed phenotype of the DNMT inhibitor-
treated CD4+ T cells was similar to that of CD4+ 
T cells isolated from SLE patients [38]. These 
results, together with the finding that CD4+ 
T lymphocytes isolated from both SLE and RA 
patients had lower levels of 5‑methylcytosine, 
led to implication of DNA methylation changes 
in the pathogenesis of autoimmune rheumatic 
diseases [39]. In the case of SLE, the symp-
tomatology directly correlated with a decrease 
of 5‑methylcytosine [40,41]. Moreover, some 
researchers then reported that administration 
of these drugs to humans caused drug-induced 
lupus [42]. Also, T cells isolated from healthy 
individuals who had been treated with hypo-
methylating drugs were subsequently injected 
into syngeneic mice, they caused a lupus-like 
disease [43]. Hypomethylation can potentially 
have different effects: hypomethylation of 
repetitive elements could result in increased 
chromosomal instability. When associated with 
promoters, hypomethylation generally associates 
with increased expression. 

Analysis of selected individual genes, by using 
methylation-sensitive restriction enzymes or 
bisulfite genomic sequencing, led to the iden-
tification of several genes that are hypometh-
ylated at their promoters and overexpressed in 
SLE. Examples of specific genes that exhibit 
altered DNA mehylation and increased expres-
sion levels in SLE, and their phenotypic implica-
tions, along with methylation changes in other 
autoimune diseases are presented in Table 1. Most 
DNA methylation analyses have employed can-
didate gene strategies, and the vast majority of 
them have been performed by the group of Bruce 
Richardson during the past two decades.

More recently, high-throughput approaches 
have been used to obtain DNA methylation 
profiles of individual SLE patients. In one 
study, researchers performed DNA methyla-
tion profiling of MZ twins discordant for SLE 
by using methylation bead arrays and white 
blood cells. This comparison enabled identifi-
cation of roughly 50 gene promoters that were 
differentially methylated between each SLE 
patient and their corresponding healthy twin. 
Most of the genes showed increased expression 
levels associated with their hypomethylated 
status in SLE twins with respect to healthy 
siblings. This study also showed that the 18S 
and 28S segments of ribosomal RNA genes are 
also hypomethylated and overexpressed in SLE 
twins with respect to normal healthy twins. The 

use of MZ twins also enabled screening to be 
done without the existence of genetic differences 
between individuals [44]. Interestingly, in a dif-
ferent study, on CD4+ T cells, investigators iden-
tified another set of differentially methylated 
genes in SLE [45], some of which had also been 
reported in the study with MZ twins. The study 
with CD4+ cells allowed for the conformation of 
some of the results obtained for white blood cells 
derived from discordant MZ twins. Candidate 
gene studies and these first high-throughput 
analyses have unveiled several functional targets 
for epigenetic deregulation in SLE (Figure 2A). 
These studies reinforce the notion that further 
high-throughput analysis need to be done with 
other cell types relevant to immune function, 
particularly with different B cell subsets.

The need for studying DNA methylation 
changes in specific cell types is highlighted for 
instance by the results obtained for RA. High-
throughput methylation profiling of white blood 
cells from MZ twins discordant for RA has not 
shown significant differences at the gene pro-
moter level [44]. In contrast, there is accumulated 
evidence that synovial fibroblasts derived from 
RA are epigenetically altered. Synovial fibroblasts 
are major effector cells of joint degradation in RA. 
These cells are more aggressive in RA than their 
healthy counterparts, as they overexpress metal-
loproteinases, cytokines and show tumor-like 
behavior (i.e., invasiveness, resistance to apop-
tosis and anchorage-independent growth), as 
reviewed in [46]. Many of the phenotypic features 
of RA synovial fibroblasts can be explained by 
their epigenetic deregulation. Similarly to T cells 
from SLE or RA, synovial fibroblasts from RA 
patients show lower levels of global DNA meth-
ylation and expression of DNMT1 is decreased 
[47,48]. Hypomethylation is related to the cells’ 
aggressiveness, as demonstrated by the fact that 
healthy fibroblasts isolated from healthy joints 
and subsequently treated with DNA hypometh-
ylating agents, resemble their pathologic counter-
parts [49]. Global hypomethylation of RA syno-
vial fibroblasts has been found to be associated 
with hypomethylation and increased expression 
of the retrotransposon LINE-1 [50]. Specifically, 
hypomethylation of several CpG sites upstream of 
open reading frame-associated LINE-1 elements 
is associated with increased levels of several genes 
[51] related to both invasiveness and the tumor phe-
notype [48,52]. The promoters of several miRNA 
genes are also hypomethylated, and expression 
of these genes is increased. For example, hsa-
miRNA‑203 is hypomethylated and upregulated 
in RA synovial fibroblasts. Transfection of normal 
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fibroblasts with this miRNA leads to higher levels 
of matrix metalloproteinase‑1 and IL‑6 proteins, 
which in turn, contribute to the proinflam-
matory microenvironment of rheumatic joints 
(Figure 2B) [53].

In contrast with the data for SLE, and 
as observed in cancer [11], specific promoter 
hypermethylation has also been found in RA 
synovial cells. For example, the promoter of 
the death receptor 3 gene is hypermethylated 

Table 1. DNA methylation alterations in autoimmune diseases.

Disease Cell type/tissue Sequence name Effect Event Ref.

Systemic

SLE CD4+ T‑cells ITGAL/CD11a Cell–cell adhesion Hypometh. [128]

CD40LG Stimulates B-cell IgG overproduction Hypometh. [129]

CD70 Required for T‑cell proliferation Hypometh. [130]

PRF1 Autoreactive killing Hypometh. [131]

CD9 Cell adhesion and migration Hypometh. [45]

MMP9 Extracellular matrix destruction Hypometh. [45]

Repeats Hypometh. [43]

PBMCs IFNGR2 IFN‑g receptor Hypometh. [44]

CD9 Cell adhesion and migration Hypometh. [44]

MMP9 Extracellular matrix destruction Hypometh. [44]

MMP14 Extracellular matrix destruction Hypometh. [44]

LCN2 Iron transporter Hypometh. [44]

rDNA (18S, 28S) Assembly in ribosomal particles Hypometh. [44]

Repeats Hypometh. [44]

CD19+ B‑cells CD5‑E1B Interleukin production Hypometh. [132]

RA CD4+ T‑cells Repeats Hypometh. [43]

Synovial fibroblasts LINE-1 Gene-expression fine-tuning Hypometh. [50]

MAPK1 Proliferation signaling Hypometh. [52]

miRNA‑203 Induction of MMPs and IL‑6 Hypometh. [53]

MET Proto-oncogene Hypometh. [52]

DR3 Apoptosis Hypermeth. [54]

Repeats Hypometh. [49]

PBMCs IL‑6 B‑cell response Hypometh. [133]

MS Schwann cells, 
oligodendrocytes

PAD2 Citrullination of MBP, favoring demyelination Hypometh. [134]

SjS Labial salivary glands BP230 Involved in basal lamina anchorage Hypermeth. [135]

SD CD4+ T‑cells Repeats Hypometh. [136]

SD fibroblasts FL1 Increased production of collagen Hypermeth. [137]

PBMCs X chromosome SXCIM [138]

Organ specific

Ps Skin cells p16 (CDKN2A) Tumor suppressor Hypermeth. [139]

Repeats [140]

PTPN6 Cell proliferation and signaling Hypometh. [141]

Hematopoietic cells p15 (CDKN2B) Cell cycle progression Hypometh. [142]

p16 (CDKN2A) Tumor suppressor Hypometh. [143]

p21 (CDKN1A) Cell cycle progression Hypometh. [142]

PBMCs Repeats Hypermeth. [140]

p14 (CDKN2B) Cell cycle progression Hypermeth. [140]

UC Rectum mucosa Global hypomethylation Hypometh. [144]

p16 (CDKN2A) Tumor suppressor Hypermeth. [145]

p14 (CDKN2B) Cell cycle progression Hypermeth. [146]

MDR1 Transmembrane drug efflux pump Hypermeth. [147]

AITDs PBMCs X chromosome SXCIM [148]

AITD: Autoimmune thyroid disease; Hypermeth.: Hypermethylation; Hypometh.: Hypomethylation; MBP: Myelin basic protein; MS: Multiple sclerosis; 
PBMC: Peripheral blood mononuclear cell; Ps: Psoriasis; RA: Rheumatoid arthritis; SD: Scleroderma or progressive systemic sclerosis; SjS: Sjögren’s syndrome; 
SLE: Systemic lupus erythematosus; SXCIM: Skewed X‑chromosome inactivation mosaicism; UC: Ulcerative colitis.
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(Figure  2B), and therefore, the corresponding 
mRNA levels are downregulated, which explains 
why these cells exhibit enhanced resistance to 
apoptosis [54]. As indicated above, the currently 
available data highlights the need for system-
atic profiling of DNA methylation alterations 
for specific cell types in these diseases.

Apart from DNA methylation profile altera-
tions, altered histone modifications have also been 
found for several SLE and RA. For instance, SLE 
T cells display aberrant acetylation of histones H3 
and H4 [55], a phenomenon which correlates with 
alterations in gene expression including overex-
pression of IL-10 and CD154 and downregulation 
of IFNG [56]. However, to date, histone modi-
fication-mapping data from SLE individuals is 
scarce. Regarding alteration of histone modifica-
tions in RA, research based on histone deacetylase 
(HDAC) inhibitors has suggested roles for certain 
histone marks. Interestingly, RA synovial fibro-
blasts show higher amounts of HDAC1 [57], and 
depletion of HDACs in RA synovial fibroblasts 
leads to decreased cell proliferation and to inhi-
bition of TNF‑a cytokines thus, it mitigates the 
aggressive phenotype [58]. Moreover, treatment of 
various mouse models of RA with HDAC inhibi-
tors ameliorates RA pathology, by inhibiting RA 
synovial fibroblasts proliferation, downregulating 
angiogenesis and proinflammatory cytokines, pre-
venting synovial hyperplasia and joint destruction 
[59–63], and induces apoptosis via the Fas receptor 
and TNF-related apoptosis-inducing ligand [64,65]. 
HDAC inhibitors can also suppress the severity of 
arthritis by modulating blood immune cells: they 
induce apoptosis, inhibit cell proliferation, and, 
in autoreactive T cells, block release of IFN‑g [66]. 
Furthermore, these drugs induce osteoblast prolif-
eration and matrix mineralization [67] and inhibit 
osteoclastogenesis [68]. These features have made 
HDAC inhibitors prime candidates for phar-
macological treatment of RA [69]. Recent data 
indicates that EZH2, a Polycomb group protein 
with histone H3K27 methyltransferase activity, is 
overexpressed in RA synovial fibroblasts. Analysis 
of several targets of this factor, for example, the 
secreted frizzled-related protein 1 gene, has shown 
occupation at the promoter and change in histone 
methylation in these cells [70]. Further studies on 
histone modifications may shed light on the role 
of these changes in aberrant expression patterns 
in the cells.

As indicated above, most of the epigenetics 
studies in autoimmune disease have focused on 
SLE or RA. Only a few epigenomic analyses have 
been performed and little data is available for 
other autoimmune diseases (Table 1). Researchers 

recently performed a high-throughput analysis 
of CD4+ T cells obtained from MZ twins dis-
cordant for MS [71]. Remarkably, they found very 
few differences at the DNA methylation level. 
However, the small number of samples and the 
fact that only one cell type was studied highlight 
the need for greater research efforts in this area.

Epigenetics & immunodeficiency
Immunodeficiencies represent an opposite 
pathological scenario to that of autoimmune 
diseases. In these disorders, one or several com-
ponents of the immune system are defective, 
which leaves the organism at greater susceptibil-
ity to recurrent infections. Immunodeficiencies 
are classified as either primary, when caused 
by genetic defects in the immune cells, or 
secondary, when caused by external factors 
(e.g.,  infectious agents, drugs, metabolic dis-
eases and environmental conditions). Primary 
immunodeficiency diseases (PIDs) arise from 
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Figure 2. Functional effects on specific cell types of DNA methylation 
changes in systemic lupus erythematosus and rheumatoid arthritis. 
(A) Some examples of hypomethylated and overexpressed genes in T and B cells 
from systemic lupus erythematosus patients are shown. Their potential functional 
implications are indicated. (B) Examples of some hypomethylated (italic) or 
hypermethylated (italic in a square) in B cells and rheumatoid arthritis synovial 
fibroblasts, and the functional consequences of epigenetic deregulation. In synovial 
fibroblasts, miRNA‑203 is hypomethylated and upregulated, causing IL‑6 and 
MMP1 overexpression. LINE‑1 repetitive sequences are also hypomethylated and 
overexpressed, affecting MET and MAPK overexpression.
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over 100 genetic alterations in different factors 
of the innate and adaptive immunities, and PID 
patients show distinct susceptibilities to various 
types of pathogens according to their immune 
defect [72–74].

Albeit PIDs strongly depend on genetic 
alterations, there is an ever-growing body of 
evidence implicating additional factors in their 
etiology. It has been suggested that epigenetic 
deregulation participates in development of 
PIDs. As indicated above, epigenetic deregula-
tion can be the result of defects in transcrip-
tion factors or other elements that ultimately 
interact with the epigenetic machinery. Also, 
external factors can modulate the epigenetic 
profile in individuals with a genetic suscepti-
bility to develop PID. Despite the proposed 
participation of epigenetic deregulation events 
in PIDs, for most of them, no data are cur-
rently available. In contrast, one specific type 
of PID constitutes the most remarkable exam-
ple of the impact of epigenetic defects in an 
immune system-associated disease: immuno-
deficiency, centromeric instability and facial 
anomalies (ICF) syndrome. ICF syndrome is 
a rare, autosomal recessive disease character-
ized by agammaglobulinemia in the presence 
of normal B and T lymphocytes counts, leading 
to several recurrent infections that cause high 
mortality in early childhood. Interestingly, 
ICF syndrome patients are characterized by 
the presence of mutations in the DNMT3B 
gene, which is responsible for de novo DNA 
methylation during embryogenesis and germ 
cell development [75,76].

At the chromosomal level, ICF syndrome 
patients’ cells are characterized by DNA hypo-
methylation in satellite 2 and 3 repeats and by 
chromatin instability, mostly restricted to mito-
gen-stimulated lymphocytes, due to alterations 
in the pericentromeric heterochromatin of chro-
mosomes 1, 9 and 16 (Figure 3) [77]. Interestingly, 
DNA hypomethylation in ICF syndrome is 
apparently restricted to the aforementioned 
regions. Analysis of the CpG islands of genes 
whose expression is specifically upregulated 
or downregulated in lymphoblastoid cell lines 
derived from ICF syndrome patients has shown 
that these genes do not undergo the DNA meth-
ylation changes at their promoter regions [78,79]. 
Therefore, it has been proposed that hypometh-
ylation in the normally constitutively hetero-
chromatic regions could have a trans effect on 
gene expression by altering the normal seques-
tration of DNA-sequence specific proteins to 
the heterochromatin. [79]. Furthermore, it has 

been proposed that the gene-expression changes 
observed in ICF syndrome samples might 
depend on other epigenetic mechanisms, such 
as changes in histone modifications or in the 
expression of ncRNAs. Indeed, histone modi-
fication changes in the promoter region of five 
upregulated genes with subtle or absent hypo-
methylation have been reported in ICF cells. 
Chromatin immunoprecipitation analysis has 
revealed loss of repressive H3K27me3 and 
gain of transcriptionally activating H3K4me3, 
which correlate with the increased expression 
of these genes [78]. Alternatively, genome-wide 
miRNA expression profiling in ICF syndrome 
lymphoblastoid cell lines has demonstrated 
deregulation at the miRNA level. Although no 
changes in the CpG islands associated with the 
deregulated miRNAs were found, changes were 
observed in the histone marks, in accordance 
with the deregulation observed in the miRNAs, 
suggesting that expression of these miRNAs 
is controlled through this epigenetic mecha-
nism [80]. Interestingly, most of the analyzed 
miRNAs and genes were related to pathogenesis 
of ICF syndrome.

Although the mechanism underlying agam-
maglobulinemia in ICF syndrome is not fully 
understood, epigenetic phenomena are known to 
be strongly influential. Moreover, ICF syndrome 
underscores the functional relevance of DNA 
methylation changes in genomic sequences 
beyond promoter regulation and embodies how 
specific changes in the methylation patterns 
of heterochromatin regions can significantly 
modulate immune response.

Another interesting PID, from the epigenet-
ics perspective, is hyper‑IgM 2 (HIGM2) syn-
drome, an autosomal recessive or dominant dis-
order that is caused by mutations in the AICDA 
gene, which encodes the enzyme AID [81]. AID 
is the key enzyme in class switch recombination 
and in somatic hypermutation, two events nec-
essary for antibody affinity maturation during 
B lymphocyte activation [82]. 

AID has recently been linked to the active 
DNA demethylation process. The first evidence 
came from in  vitro assays that demonstrated 
that AID deaminates 5mC in ssDNA to gener-
ate thymidine. This led to the proposal of an 
equivalent pathway for demethylation of DNA, 
whereby 5mC deamination could be followed by 
T:G base excision repair by glycosylases such as 
TDG or MBD4 [83]. Evidence of a relationship 
between AID and DNA demethylation in mam-
mals came from two different systems: primor-
dial germ cells from mice, and heterokaryons 

Epigenomics (2011) 3(6)704 future science group

Review Rodriguez-Cortez, Hernando, de la Rica, Vento & Ballestar

132



(cell fusions) of mouse embryonic stem cells 
and human fibroblasts. With the first system, 
researchers observed that primordial germ cells 
from AICDA-/- mice exhibited higher methyla-
tion levels than did those of the their wild-type 
counterparts, suggesting that AID is involved 
in demethylation during epigenetic reprogram-
ming [84]. In the second system, the heterokary-
ons were used as an in  vitro reprogramming 
model to study the concomitant demethylation 
process. Transcript levels of the pluripotency 
markers OCT4 and NANOG were downregu-
lated through promoter methylation after AID 
knockdown, thus inhibiting the reprogramming 
process [85]. 

All of these findings strongly suggest that 
AID has a role in active DNA demethyl-
ation. Assuming that this role also extended 
to the B  lymphocyte context, then epigenetic 
mechanisms – specifically, aberrant DNA meth-
ylation changes – might play a role in pathogen-
esis of HIGM2 syndrome, in which AID func-
tion is impaired. Our knowledge on epigenetic 
deregulation in primary and secondary immu-
nodeficiencies is still very limited and the few 
examples mentioned above are rare. Systematic 
epigenomic profiling of different immune cell 
types derived from patients will contribute to 
delimitate the role of epigenetic deregulation 
events in this group of diseases. 

Virally driven epigenetic 
deregulation in the immune system 
Viral infection is a major external factor known 
to influence multiple immune-related disorders. 
In fact, different sorts of viral infection are etio-
logical factors for both autoimmune diseases 
and secondary immunodeficiencies. Several 
human retroviruses (e.g., HIV) and some 
human herpes viruses (e.g., Epstein–Barr virus 
[EBV]) target and infect immune system cells. 
The viruses alter the function of these cells, 
ultimately causing immune system defects. 
Chronic HIV infection causes severe immuno-
suppression that leads to persistent viremia and 
progressive clinical disease. In contrast, EBV is 
immunologically contained after acute symp-
tomatic infection [86]. Some researchers have 
proposed that cooperation among different 
viruses might be important in the pathogenesis 
of virally induced malignancies [87].

Primary infection of B cells by EBV normally 
occurs in childhood and is asymptomatic, but 
when it occurs in adolescence, it causes infectious 
mononucleosis. Some EBV infected B cells are 
eliminated by cytotoxic T lymphocytes, whereas 

others evade the immune response. After pri-
mary infection, EBV remains latent in the host 
B cells throughout life [88]. The EBV has two 
main immune-escape mechanisms during this 
latent infection: maintaining limited expression 
of viral proteins and maintaining a low number 
of viral genomes [89]. Latent EBV infection is 
related to several autoimmune diseases and to 
different types of cancer; in this review, we focus 
on the former. 

Many of the autoimmune diseases associ-
ated with EBV infection are characterized by 
the presence of elevated levels of anti-EBV anti-
gen antibodies. These include SLE, RA, MS, 
Sjögren’s syndrome, autoimmune thyroiditis, 
autoimmune hepatitis, cryptogenic fibrosing 
alveolitis and pure red aplasia [90], the most prev-
alent of which are SLE, RA and MS. In the case 
of SLE and RA, patients exhibit higher titers of 
anti-EBV antibodies, impaired T cell responses 
to EBV antigens, and a higher viral load in 
peripheral blood mononuclear cells [91,92]. The 
contribution of EBV to MS is demonstrated by 

DNMT3B wild-type

Sat2 and Sat3 regionsChromosomes 1, 9 and 16

Heterochromatin

Decondensed chromatin

Chromosome instability
Hypo or agammaglobulinemia
Immunodeficiency

B cell

DNMT3B mutated

Sat2 and Sat3 regionsChromosomes 1, 9 and 16B cell

Figure 3. Main chromatin alterations described for immunodeficiency, 
centromeric instability and facial anomalies syndrome. (A) Sat2 and Sat3 
regions are methylated in the presence of normal DNMT3B enzyme. (B). Mutations 
in DNMT3B gene are associated with chromatin decondensation in Sat2 and Sat3 
regions of chromosomes 1, 9 and 16. Hypomethylation in Sat regions is detected in 
several cell types from immunodeficiency, centromeric instability and facial 
anomalies syndrome patients, but chromosomal abnormalities are mostly detected 
in mitogen-activated lymphocytes. 
Sat: Satellite.
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the presence of EBV-specific antibodies in MS 
patients and by the detection of EBV markers 
in postmortem brains tissue from patients that 
had suffered a secondary, progressive phase of 
MS [93]. 

EBV latency is epigenetically regulated. 
Interestingly, EBV genomes, which are pack-
aged into virions, are unmethylated [94]. When 
EBV infects B cells, its genome is circularized 
into an episome and organized into chromatin 
[95], and at certain CpG sites the EBV genome 
become increasingly methylated, resulting 
in repression of the associated sequences [94]. 
Methylation of the EBV genome is driven by 
cellular DNMTs and occurs in a cell-type-
specific manner, signifying that a viral genome 
may contain distinct epigenetic marks in func-
tion of the phenotype of the infected host cell 
[96]. On the other hand, it is likely that EBV 
influences the epigenetic status of host cells 
and this participates in phenotypic changes 
associated with infected B cells (Figure 4A). For 
instance, in the latency  III program where 
resting B cells become proliferating lympho-
blastoid cells, six EBV nuclear antigens (EBV 
nuclear antigen [EBNA] ‑1, -2, -3A, -3B and 
–LP) and three latent proteins (latent mem-
brane protein‑1, -2A and -2B) are expressed. 
EBNA proteins influence cellular transcription 
with different elements of the host signaling 
and transcription machineries. Recent data 
has shown that EBNA3C and EBNA3A can 
repress p16(INK4A) and p14(ARF ) by directly 
changing their H3K27me3, H3K4me3 and 
H3-acetylation levels relative to resting B cells, 
although without altering CpG methylation 
[97]. In other genes, EBNA3A and EBNA3C 
also influence the DNA methylation profile at 
their promoters [98]. Obviously, genome-wide 
information is required to better understand 
how the host epigenomic profile is influenced 
by viral proteins. In this sense, preliminary 
high-throughput methylation analysis of EBV-
transformed lymphoblastoid cell lines suggest 
that EBV can induce dramatic changes in the 
DNA methylome of B cells [99].

miRNA deregulation is also associated with 
EBV infection. Both viral [100] and cellular 
miRNAs participate in this process. It is also 
likely that miRNA deregulation is epigeneti-
cally deregulated following EBV infection. Viral 
miRNAs can be involved in EBV infection in 
two ways: directly, by targeting viral transcripts 
[101–103]; or indirectly, by targeting cellular 
factors involved in the EBV infection process 
[104–106], which can themselves influence on the 

setting of epigenetic modifications and affect 
gene expression. Furthermore, EBV infection 
provokes deregulation of the expression of cel-
lular miRNAs, as has been demonstrated in 
several studies, most of which have focused on 
changes in cellular profile of miRNAs during 
immortalization induced by EBV infection 
[107–109]. miRNA‑155 and miRNA‑146a have 
been described as cellular miRNAs involved in 
immortalization, and both of them are regu-
lated by the viral protein latent membrane pro-
tein‑1 [108,110–112]. miRNA‑155 targets certain 
cellular proteins involved in immortalization 
process (e.g., the bone morphogenetic protein) 
[113], whereas miRNA‑146a is a regulator of 
interferon-responsive genes [110].

Another fundamental example of viral infec-
tion and immune function is HIV. HIV type 1 
(HIV‑1) is a lentivirus that causes AIDS. This 
virus establishes latent reservoirs during the 
early stages of infection, primarily in memory 
CD4+ T  cells, in which proviral DNA inte-
grates into the host genome but is transcrip-
tionally inactive [114]. HIV can also establish 
chronic, nonproductive, or low level persistent 
reservoirs in monocyte–macrophage lineage 
cells, dendritic cells [115], various tissue types, 
such as the male urogenital tract [116] and the 
CNS [117], and CD34+/CD38+ bone marrow 
progenitor cells [118]. Insertion of the proviral 
DNA template into the host cell DNA, or inte-
gration, is fundamental in the viral lifecycle of 
HIV‑1: it is needed for efficient synthesis of 
viable progeny [119]. The location of viral inte-
gration sites is crucial to the control of tran-
scriptional activity of the integrated proviral 
genome. When actively replicating, the viral 
DNA preferentially integrates into active host 
genes [120]. 

HIV‑1 activity is also modulated by the 
host epigenetic machinery. Conversely, it has 
been reported that HIV‑1 also influences the 
activity of infected cells (Figure 4B). The HIV‑1 
promoter is methylated under latency condi-
tions; thus, DNA methylation has been shown 
to be crucial for transcriptional regulation of 
HIV‑1 latency [121]. Two CpG islands have been 
identified in the 5´ region of the HIV provi-
rus. The methylated DNA in these regions is 
bound to methyl-CpG-binding domain pro-
tein 2. DNA methylation seems to happen early 
on during silencing and occurs during the first 
48 h postinfection, which suggests that meth-
ylation of proviral DNA is a principal driver of 
transcriptional silencing of the provirus [115]. 
HIV proviral DNA is epigenetically regulated 
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Figure 4. Epstein–Barr virus and HIV infection of B and T lymphocytes. (A) EBV infects 
B lymphocytes through the binding of the viral gp350 to the CD21 receptor. EBV remains in the 
B cells as an extrachromosomal viral episome and constitutively expresses a limited set of viral gene 
products. In the case of the latency III program, six EBV nuclear antigens (EBNAs 1, 2, 3A, 3B, 3C and 
-LP) and three latent membrane proteins (LMPs 1, 2A and 2B) are expressed. In addition to the latent 
proteins, two small ncRNAs, EBERs 1 and 2, are expressed. EBNAs influence both viral and cellular 
transcription through interaction with the DNA-binding protein, RBP-Jk. The cytoplasmic domain of 
LMPs interacts with TRAFs and with JAK3, resulting in activation of different signaling pathways: 
NF-kB, MAPK, JNK and STAT. Viral proteins are also able to regulate the gene expression by 
epigenetic mechanisms such as DNA methylation, histone modifications and miRNAs. (B) In the case 
of HIV, the HIV glycoprotein gp120 binds to the CD4 receptor of T cells leading to the entry of the 
virus into the host cell. Viral RNA is retrotranscribed into proviral dscDNA, which is transported into 
the nucleus and is integrated into a host cell chromosome. After integration, the provirus remains 
quiescent, exists in a permanent postintegration latent state. HIV infection increases the cellular 
capacity to methylate genes. The recruitment of HATs makes this chromatin permissive for viral 
genome transcription by the synergic interaction of cellular transcription factors (NF-kB, NFAT and 
SP1, and the viral transactivators Tat and Rev). New virions are assembled and released through the 
cell membrane. Viral genomes also produce miRNAs, called viRNAs, which can target viral RNAs and 
cellular mRNAs or miRNAs. 
Ac: Acetylated; EBV: Epstein–Barr virus; gp: glycoprotein; HAT: histone acetyltransferase.
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by enzyme complexes, through the covalent 
modification of the amino termini of core 
histones and by ATP-dependent enzyme com-
plexes, which control the interactions of DNA 
with these histones [122]. CpG methylation also 
controls HIV reactivation from latency [123]. It 
has also been shown that infection by HIV‑1 
also increases de novo methylation of lymphoid 
cells in genes such as p16(INK4A) [124]. Both 
observations suggest that drugs that influence 
DNA methylation could potentially modulate 
the HIV‑1 cycle. HIV‑1 has also been demon-
strated to influence other elements of the host 
epigenetic machinery. For instance, HIV‑1 Tat 
protein inhibits the SIRT1 deacetylase and 
induces T cell hyperactivation [125]. As for most 
examples referenced in this review, despite the 
recognition of the participation of epigenetic 
mechanisms in HIV‑1 cycle there is no avail-
able data on the effects of HIV‑1 integration 
or reactivation on epigenomic profiles of CD4+ 
T cells.

HIV‑I infection also associates with miRNA 
deregulation and, in some cases, interaction 
between miRNAs and epigenetic factors has 
been identified. For instance, HIV‑1 infec-
tion results in downregulation of the cellular 
cluster miRNA‑17/92, leading to upregulation 
of its targets including P300/CBP-associated 
factor [126], one of the most common histone 
acetyltransferases, resulting in more efficient 
viral replication. It is likely that this pathway is 
involved in deregulation of histone acetylation 
by the P300/CBP-associated factor. However, 
there are no available epigenomic data where 
the effects on distribution of histone acety-
lation associated with upregulation of the 
P300/CBP-associated factor under these con-
ditions have been examined. Another example 
is provided by the HIV‑1 TAR element, a short 
hairpin structure located at the 5´ of HIV viral 
mRNA. This element is processed by Dicer 
and produces a viral miRNA that has been pro-
poses to participate in the targeting of HDAC1 
to viral long terminal repeat [127]. It is likely 
that many other HIV‑1 encoded miRNAs and 
cellular miRNAs participate in the deregula-
tion of factors that participate in the establish-
ment of epigenetic marks; however no results 
are yet available.

As with other factors and diseases discussed 
in this review, systematic screening of histone 
modifications, DNA methylation and the result-
ing effects on protein-coding genes, and miRNA 
expression will be essential to understand the 
interactions between these pathogens, hosts and 

the participation of these elements in disease 
development.

Conclusion
Compelling evidence indicates a fundamental 
role for epigenetic deregulation processes in 
immune-related diseases: autoimmune diseases 
and immunodeficiencies. Epigenetic deregu-
lation can result as a consequence of genetic 
defects in key factors that are part or are in 
close association with elements of the epigen-
etic machinery. Alternatively, external factors 
including viral infection can influence epi-
genetic profiles that ultimately result in tran-
scriptional deregulation. Epigenetic alterations 
can be used as clinical markers of response or 
disease progression. Furthermore, epigenetic 
alterations can be pharmacologically reverted. 
This potential to tackle aberrant changes opens 
the possibility of developing novel therapies, 
some which are already used for the clinical 
treatment of hematological malignancies. 
Epigenomic mapping in immune-related 
disease is still at its beginnings. In autoim-
mune diseases, most efforts to identify the 
epigenetic alterations that occur in autoim-
mune rheumatic disease have focused on SLE 
and RA, and have served to identify both 
global and sequence-specific hypomethylation 
and overexpression of key genes in immune 
function. Recent high-throughput analyses 
have allowed the identification of larger sets 
of genes. However, efforts to identify both 
DNA methylation and histone modifications 
changes in specific cell types and particular 
situations within the course of the disease 
need to be made. In immunodeficiencies, our 
knowledge on the participation of epigenetic 
alterations in their pathogenesis is even more 
scarce. Interestingly, two rare immunodefi-
ciencies, the ICF syndrome and the HIGM2 
syndrome are relevant from the epigenetic 
point of view. The first one is characterized by 
mutations in a key enzyme of the epigenetic 
machinery, DNMT3B. In the case of HIGM2 
syndrome, patients are characterized by muta-
tions in activation-induced deaminase, which 
has recently been reported to participate in 
active DNA demethylation. The role of viral 
infection in inducing epigenetic alterations 
is also relevant, as different viruses such as 
EBV or HIV are directly associated with the 
pathogenesis of both autoimmune diseases and 
immunodeficiency, and their pathogenic activ-
ity involves interference and user of the host 
epigenetic machinery.
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Future perspective
Our understanding of the role of epigenetic 
alterations in immune-related diseases is still 
at its beginnings. The availability of high-
throughput techniques to investigate both 
DNA methylation and histone modification 
profiles opens up a number of new possibili-
ties. In the next few years we will witness the 
systematic generation of DNA methylation and 
histone modification profiles in a high number 
of samples in different stages of the course of 
disease, a variety of tissue types and the inte-
gration of these massive amount of data with 
expression data and with genome-wide associa-
tion studies. The potential of these analyses 
will serve to track all potential specific cell 

types relevant to disease pathogenesis, and a 
more prominent use of this information in a 
clinical setting.
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Executive summary

�� The immune system encompasses different cells and molecules that protect the host organism by recognizing and eliminating potentially 
harmful internal or external agents.

�� Differentiation and activation of immune cells are very tightly regulated and they are controlled at different stages of development to 
ensure an efficient immune response that maintains the delicate balance between self-recognition and attack of foreign molecules or 
microorganisms.

�� Proper differentiation and activation partly depends on the genetic integrity of the genes encoding for these key factors. It is also 
associated with an environmental component and viral infection, exposure to chemicals or hormones influence their development. 

�� Environmental factors can influence the epigenetic profile of cells, and therefore, have a direct effect on gene-expression profiles.
�� Mutations or specific polymorphisms in transcription factors, elements of the epigenetic machinery or cell signaling pathways can also 

influence the epigenome of immune cells.
Epigenetic modification regulates gene function
�� DNA methylation and histone modifications are associated with gene-expression profiles.
�� There are intimate connections between epigenetic modifications, transcription factors and cell signaling pathways.

Epigenetic deregulation in autoimmune disease
�� Autoimmune diseases are genetically complex diseases that arise in a given genetic background exposed to specific 

environmental factors.
�� Systemic lupus erythematosus and rheumatoid arthritis are the best studied autoimmune diseases from the epigenetic point of view. 

However, our knowledge is still limited. Only a few candidate gene-based analyses and high-throughput methylation studies have 
been performed. In systemic lupus erythematosus and rheumatoid arthritis, global hypomethylation has been determined in different 
lymphocyte sets. Also, hypomethylation is the most common feauture for gene promoters.

�� In rheumatoid arthritis, epigenetic deregulation in synovial fibroblasts participates in the generation of their aberrant phenotype.
Epigenomics & immunodeficiency
�� Primary immunodeficiencies have both a genetic and an environmental component.
�� Immunodeficiency, centromeric instability and facial anomalies syndrome is a rare primary deficiency disease caused by mutations in 

DNA methyltransferase‑3B and changes in the methylation status of pericentromeric chromatin. It is likely that changes in methylation 
patterns in immunodeficiency, centromeric instability and facial anomalies syndrome patients is responsible for chromosomal instability.

�� Hyper‑IgM 2 syndrome is associated with mutations in the activation-induced cytidine deaminase gene, encoding activation-induced 
deaminase, an enzyme with putative demethylating activity.

Virally driven epigenetic deregulation in the immune system
�� HIV and Epstein–Barr virus infection are critical in the development of several immune-related disorders.
�� HIV and Epstein–Barr virus latency and reactivation cycles are influenced by the epigenetic activity of host cells.
�� HIV and Epstein–Barr virus influence the epigenome of host cells and affect their function.

Conclusion
�� The existence of a wide range of epigenetic alterations in immune-associated disease is well established.

Future perspective
�� Availability of high-throughput techniques for different epigenetic modifications in different cell types, stages or courses of disease and 

large numbers of samples will allow dissection of the specific role of these alterations in disease.
�� Novel compounds modulating the activity of elements of the epigenetic machinery will be used for the reversion of epigenetic 

alterations.
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Abstract

Background: Epstein-Barr virus (EBV) infection is a well characterized etiopathogenic factor for a variety of
immune-related conditions, including lymphomas, lymphoproliferative disorders and autoimmune diseases. EBV-
mediated transformation of resting B cells to proliferating lymphoblastoid cells occurs in early stages of infection
and is an excellent model for investigating the mechanisms associated with acquisition of unlimited growth.

Results: We investigated the effects of experimental EBV infection of B cells on DNA methylation profiles by using
high-throughput analysis. Remarkably, we observed hypomethylation of around 250 genes, but no hypermethylation.
Hypomethylation did not occur at repetitive sequences, consistent with the absence of genomic instability in
lymphoproliferative cells. Changes in methylation only occurred after cell divisions started, without the participation of
the active demethylation machinery, and were concomitant with acquisition by B cells of the ability to proliferate. Gene
Ontology analysis, expression profiling, and high-throughput analysis of the presence of transcription factor binding
motifs and occupancy revealed that most genes undergoing hypomethylation are active and display the presence of
NF-�B p65 and other B cell-specific transcription factors. Promoter hypomethylation was associated with upregulation
of genes relevant for the phenotype of proliferating lymphoblasts. Interestingly, pharmacologically induced
demethylation increased the efficiency of transformation of resting B cells to lymphoblastoid cells, consistent with
productive cooperation between hypomethylation and lymphocyte proliferation.

Conclusions: Our data provide novel clues on the role of the B cell transcription program leading to DNA
methylation changes, which we find to be key to the EBV-associated conversion of resting B cells to proliferating
lymphoblasts.

Background
Infection of B cells with Epstein-Barr virus (EBV), which
is highly prevalent in humans, is an excellent model to
investigate the molecular mechanisms associated with
the acquisition of unlimited growth during disease.

EBV-associated changes in B cells are relevant to the
development and progression of lymphomas [1] and
lymphoproliferative disorders in immune-suppressed
individuals, and various autoimmune disorders like rheu-
matoid arthritis, systemic lupus erythematosus and mul-
tiple sclerosis [2]. In early primary human infection, EBV
infects peripheral resting B cells and expresses six nuclear
(EBNA1, 2, 3A, 3B, 3C and -LP) and two latent mem-
brane proteins and small non-coding RNAs. This type
of infection, in which these two groups of proteins
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transform resting B lymphocytes into continuously prolif-
erating lymphoblastoid cell lines, is referred to as type III
latency [1,3]. This process mimics antigen-induced clonal
expansion of resting B cells associated with MYC-
mediated proliferation and upregulation of NF-�B, MAP
kinases and antiapoptotic factors. Recent data have
shown that EBNA2, which is essential to this process,
enhances and exploits the B cell transcription program
by binding to a variety of B cell transcription factor sites
to achieve transformation [4]. In vivo, the vigorous cellu-
lar immune response directed against EBV-immortalized
cells limits the proliferation and expansion of such
latently infected cells at early stages of infection of a
naïve host or in immunocompromised individuals. Study-
ing type III latency lymphoblastoid cells is relevant
because it not only allows the investigation of early steps
in infection and the effects that the viral activity exerts
on B cell function, but also is an excellent strategy for
investigating changes related to the triggering of unlim-
ited proliferation of B cells, before any additional second-
ary transforming genetic and epigenetic events occur.
The mechanisms by which B cell identity is altered in

this process towards unlimited proliferation, triggered by
EBV infection, involve the acquisition of epigenetic
changes. In this context, DNA methylation might play a
key role, since this epigenetic mark participates in regu-
lating transcriptional activity [5] and is known to be
highly aberrant in several types of EBV-associated lym-
phomas [6,7] and autoimmune diseases [8]. Despite its
role in gene control, DNA methylation is not only a
mechanism of transcriptional control but also guarantees
genomic stability. The relationship between methylation
and transcriptional activity has been best studied in pro-
moter regions, particularly CpG island-associated promo-
ters, where methylation is generally associated with
transcriptional repression. In the context of the hemato-
poietic system, DNA methylation profiling has revealed
overall higher methylation levels in the lymphoid branch
relative to the myeloid one, and with respect to less dif-
ferentiated progenitors [9].
A number of studies have addressed the analysis of

DNA methylation changes associated with EBV infection
of B cells. Several of these have revealed that whereas
the EBV genomic sequence is virtually unmethylated in
free viral particles and lymphoblastoid cells, the genome
is heavily methylated in both Burkitt and Hodgkin lym-
phomas [10]. Also, the DNA methylation status of EBV
promoters has been widely studied in association with
the activity of latency promoters [11-14]. By contrast,
fewer studies have addressed the acquisition of DNA
methylation changes by the host cell during EBV-
mediated transformation between resting B cells and
proliferating lymphoblasts. EBV influences changes in
the DNA methylation status at specific sequences

[15-17] and these are likely to influence or modify the B
cell phenotype and function. It is therefore of inherent
interest to investigate the extent and mechanisms of
acquisition of changes in DNA methylation by B cells
following EBV infection as well as their potential contri-
bution to phenotypic changes during this process.
In this study we investigated the acquisition of DNA

methylation changes during EBV-mediated transforma-
tion of resting B cells to lymphoblastoid cell lines by
using methylation bead arrays. We exclusively observed
significant hypomethylation of around 250 genes. No
hypermethylation was found. Time course analysis indi-
cated that hypomethylation occurs only when cell prolif-
eration has started, suggesting the exclusive participation
of replication-dependent mechanisms. Gene Ontology
(GO) analysis, comparison with the expression patterns
of different cell types and between resting B cells and
proliferating lymphoblasts, high-throughput analysis of
the presence of transcription factor binding motifs and
occupancy revealed that most genes undergoing hypo-
methylation are active and display the presence of NF-�B
p65 and other B cell-specific transcription factors. In
addition, hypomethylation associates with upregulation
of several genes that are essential in the transformation
of resting B cells to continuously proliferating lympho-
blasts. Pharmacologically induced DNA demethylation
increases B cell transformation efficiency. Our data pro-
vide novel clues to the contribution of epigenetic
mechanisms associated with EBV-associated conversion
of resting B cells to proliferating lymphoblasts, the rele-
vance of the cell type context and why DNA hypomethy-
lation could be key in the efficiency of this process.

Results
DNA methylation profiling reveals that EBV-mediated B
cell to lymphoblastoid transformation is associated with
gene-specific hypomethylation
To investigate the acquisition of DNA methylation
changes in association with EBV-associated transformation
of resting B lymphocytes (RBLs), we first compared the
DNA methylation profiles of six samples before and after
EBV infection, once they had become lymphoblastoid cell
lines (LCLs). To this end, we used methylation bead arrays
that interrogate the DNA methylation status of over
27,000 informative CpG sites, including the region near
the transcription start sites of more than 14,000 promo-
ters. Statistical analysis of the combined data from the six
pairs of samples revealed that 256 genes were hypomethy-
lated (fold change (FC) > 2; false discovery rate (FDR)
adjusted P < 0.05, Student’s t-test) in B lymphoblastoid
cells compared with resting B cells (Figure 1a; Additional
file 1). By contrast, no hypermethylated genes were
observed under these conditions. Scatterplots comparing
the average DNA methylation patterns of the six RBLs
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GO category p-value

GO: 0006955 Immune response 8.83E-05
GO: 0007156 Homophilic cell adhesion 1.91E-04
GO: 0006959 Humoral immune response 2.25E-04
GO: 0050853 B cell receptor signaling pathway 8.82E-04
GO: 0006954 Inflammatory response 1.81E-03
GO: 0006935 Chemotaxis 2.04E-03

C

B

DRBL
M1 F1 Ctrl SssIM2 F2

LCL
M1 F1M2 F2

A

B
et

a 
Va

lu
e

All genes Hypomethylated genes

Beta Value RBL Female

B
et

a 
Va

lu
e 

LC
L 

Fe
m

al
e

B
et

a 
Va

lu
e 

LC
L 

F3

Beta Value RBL F3

1.0

0.8

0.6

0.2

0.0

0.4

0.2 1.00.80.60.0 0.4

1.0

0.8

0.6

0.2

0.0

0.4

0.2 1.00.80.60.0 0.4

Beta Value RBL Male Beta Value RBL F2

B
et

a 
Va

lu
e 

LC
L 

F2

B
et

a 
Va

lu
e 

LC
L 

M
al

e 1.0

0.8

0.6

0.2

0.0

0.4

0.2 1.00.80.60.0 0.4

1.0

0.8

0.6

0.2

0.0

0.4

0.2 1.00.80.60.0 0.4

Beta Value RBLs Beta Value RBL F1

B
et

a 
Va

lu
e 

LC
L 

F1

B
et

a 
Va

lu
e 

LC
Ls

1.0

0.8

0.6

0.2

0.0

0.4

0.2 1.00.80.60.0 0.4

1.0

0.8

0.6

0.2

0.0

0.4

0.2 1.00.80.60.0 0.4

E

RBL LCL

M F M F

0-3 3

CCL3L1
FCER2
SLAMF7

BLNK
IL25
IRS2

TRAF1
TAP1
CD19
IL21

COLEC12

BLK

CCR7

CD1C

CD79A

LCK

DOK3

CD80

TCL1A

MAP3K7IP1

RBL LCL

1.00

0.75

0.50

0.25

0.00

1.00

0.75

0.50

0.25

0.00

RBL LCL

Figure 1 High-throughput methylation comparison of resting B lymphocytes and matching lymphoblastoid cells. (a) Heatmaps including
the data for the six RBL/LCL pairs of samples showing significant differential methylation. The left panel shows all the genes showing a FDR < 0.05.
Only those genes with a FC > 2 were selected (right panel). Data from the Illumina array were normalized as xi = xi - row.mean[i])/(0.333 × row.sd
[i]). A scale is shown at the bottom, whereby positive (red) and negative (blue) values correspond, respectively, to higher and lower than average
methylation status. M, male; F, female. (b) Scatterplots showing methylation profiles of matching RBL/LCL pairs. Genes with significant differences
(FC > 2, FDR < 0.05) in averaged results from six samples are highlighted in red. Six panels are shown: top left, mean of six experiments/pairs of
samples; middle left, male samples; bottom left, female samples; right panels, three individual RBL/LCL comparisons. (c) Band patterning
corresponding to the analysis of unmethylated/methylated Alu (AUMA) repeats. Four RBL/LCL (M, male; F, female) pairs are shown. To illustrate the
sensitivity toward DNA methylation changes, a B cell sample is compared with the same sample following limited treatment with SssI DNA
methyltransferase. (d) Comparison of the methylation levels in RBLs and LCLs for all the CpGs represented in the 27k bead array and CpGs that
undergo hypomethylation in this process. Box and whisker plots are presented, where the bottom and top of the box are the 25th and 75th
percentile and the bar near the middle is the 50th percentile (the median). (e) Gene Ontology (GO) analysis of hypomethylated genes during
EBV-mediated RBL to LCL conversion.

Hernando et al. Genome Biology 2013, 14:R3
http://genomebiology.com/2013/14/1/R3

Page 3 of 16

144



and matching LCLs had highly reproducible DNA methy-
lation profiles among different samples (Figure 1b).
Changes corresponding to the average six pairs of B cells/
lymphoblastoid cells were almost identical to the pattern
obtained for only male or only female RBL/LCL compari-
sons, or those changes obtained for each individual pair of
samples (Figure 1b), highlighting the specificity of the dif-
ferences observed.
Since disease-related hypomethylation alterations gen-

erally affect repetitive elements, we also investigated
changes in CpG sites in this type of sequence. In humans,
most of the methylated cytosines are found in CpG-rich
sequences within the tandem and interspersed repeats
that constitute up to 45% of the human genome, of
which Alu repeats are the most common family. We
used genome-wide amplification of unmethylated DNA
Alu repeats (AUMA) [18] to perform high-throughput
screening of DNA methylation at these sequences. This
experiment revealed no differences between RBLs and
LCLs, suggesting that loss of methylation does not occur
in repetitive sequences (Figure 1c).
Our analysis revealed a mean 21.5% methylation among

the 256 genes undergoing demethylation in RBLs (Figure
1d). This average level of methylation at or near promoters
is compatible with active gene expression in resting B cells.
In fact, GO analysis showed significant enrichment (P <
0.05) for the following categories assigned to biological
processes: immune response (GO:0006955; P-value = 8.8
× 10-5), humoral immune response (GO:0006959; P-value
= 2.2 × 10-4), B cell receptor signaling pathway
(GO:0050853; P-value = 8.8 × 10-4), inflammatory
response (GO:0006954; P-value = 1.8 × 10-3) and chemo-
taxis (GO:0006935; P-value = 2.0 × 10-3) (Figure 1e).
These categories include the presence of key markers of B
cell function and identity, such as CD19, CD79a and
BLNK. Among the list of hypomethylated genes, the pre-
sence of genes that are EBV-induced, such as CCR7
(EBI1), GPR183 (EBI2), EBI3 (IL27 subunit beta) and
TRAF1 (EBI6), is also noteworthy.
To confirm that differences identified in DNA methyla-

tion between B cells and B lymphoblasts were robust, we
carried out bisulfite genomic pyrosequencing of selected
genes looking at CpG sites corresponding to the oligonu-
cleotide probe represented in the methylation array, which
is generally located around the transcription start site. We
selected 20 genes on the basis of the magnitude of change
in methylation, as revealed by the analysis of our methyla-
tion arrays, and their functional relevance in the context
of B cell biology: CD19, CD79a, BLK, FCER2, LCK, BLNK,
IL21, CCL3L1, SLAMF7, IL25, IRS2, TAP1, COLEC12,
MAP3K7IP1, TCL1A, CD1C, CD80 and DOK3, including
two of the genes originally described as EBV-induced
(CCR7 and TRAF1). In all cases, bisulfite pyrosequencing

of these genes confirmed an at least two-fold significant
decrease for the aforementioned genes (Figure 2a;
Additional file 2).

Hypomethylation associated with EBV-mediated
transformation of RBLs to LCLs occurs in association with
proliferation and does not involve active demethylation
mechanisms
Our results indicated that the transformation of resting
B cells to proliferating B lymphoblastoid cells is associated
with gene promoter hypomethylation. Loss of methylation
may occur as a result of the defective maintenance of
DNA methylation as DNA replication and subsequent cell
divisions start or, alternatively, as an active mechanism. To
discriminate between these two possibilities, we first per-
formed bisulfite genomic pyrosequencing of the genes pre-
viously analyzed in samples generated over time, including
points at 1, 3 and 24 hours, before cell proliferation had
been initiated [19], and LCLs after 1 and 2 weeks. To this
end, we used a form of EBV that infects B cells very effi-
ciently [20] and in which around 90% of B cells express
EBNA2 (Figure 2b). The results showed that significant
demethylation only occurred after cell divisions have
started to take place (Figure 2c), although the coincidence
in time with replication does not necessarily mean
that hypomethylation takes place through a passive
mechanism.
A variety of factors are known to be involved in active

demethylation. Recent studies have drawn attention
towards a family of enzymes, the Tet proteins, that con-
vert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC) and other modified forms of cytosine. 5hmC
may represent intermediates in the process leading to
active DNA demethylation [21,22]. In addition, activa-
tion-induced deaminase (AID) participates in active
demethylation in a two-step process, whereby 5mC is
first deaminated by AID to thymine, followed by G/T
mismatch-specific thymine DNA glycosylase (TDG)-
mediated excision repair [22,23]. This process could
potentially take place on 5mC, although some studies
have shown that hydroxymethylation may target the
methylcytosine residues that are going to be demethy-
lated through this process [22]. Analysis of the 5hmC
levels at different times in several genes that become
hypomethylated during RBL to LCL transformation
showed neither a significant presence of 5hmC on the
CpGs that undergo hypomethylation nor any changes
during this process (Figure 2d). We did not see any sig-
nificant change in the expression levels of Tet proteins
(not shown) during this process. We also investigated the
potential involvement of AID in hypomethylation. AID is
overexpressed during EBV-mediated conversion of RBLs
to LCLs. RT-PCR and western blot analysis of AID
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revealed an increased expression of AID during this pro-
cess (Figure 2e). Recent ChIP-seq data have also served
to identify direct AID targets in B cells [24]. Comparison
of these data with our own hypomethylation data showed

that 71 out of 256 genes overlapped with AID binding
sites (Figure 2f), although a chi-square test indicated that
there is no significant enrichment. We also generated a
retroviral inducible system for AID in a B cell line to test
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whether forced expression of this factor could lead to
hypomethylation in the aforementioned genes. Bisulfite
pyrosequencing of the same CpG sites of the previously
validated genes before and after expression of AID
showed no differences in methylation (not shown).
Given that EBV-mediated transformation and B cell acti-

vation share common pathways [25], we also performed
bisulfite pyrosequencing of these genes in B cells acti-
vated/stimulated with IL4 and CD40L to test the EBV-
associated specificity of the observed DNA demethylation
changes. Under our conditions we achieved similar levels
of both cell activation, measured by cytometry analysis of
CD86 surface marker, and proliferation, measured by bro-
modeoxyuridine (BrdU) incorporation (Figure 2g, top) in
both types of stimulation of B cells. However, no changes
in the DNA methylation levels of these genes were
observed during CD40L/IL4-stimulation of B cells (see
examples in Figure 2g, bottom) even after 1 week, suggest-
ing that methylation changes associated with EBV-
mediated transformation to LCLs are independent of
B cell activation.

Hypomethylated genes are enriched for binding of NF-�B
and other lymphocyte-specific transcription factors
Our analysis of the dynamics of DNA demethylation sug-
gests that this process occurs in a replication-associated
manner, since changes only occurred once cell divisions
had started and did not involve changes in 5hmC or the
action of AID. In this context, hypomethylation could
potentially associate with genomic sites that are less effi-
cient in maintaining methylation during DNA replica-
tion, perhaps in regions that are associated with active
transcription in the context of B cell function.
Previous studies have shown that EBV transcription fac-

tor EBNA2 enhances and exploits the RBL transcription
program by binding to a variety of B cell transcription fac-
tor sites [4]. We wondered whether hypomethylation is
taking place at genomic sites bound by specific transcrip-
tion factors, perhaps associated with active transcription in
B cells. To address this, we investigated the possible
enrichment of transcription factor motifs from the
TRANSFAC database in a region of 500 bp around the
CpG sites in which hypomethylation had been detected in
our study. Significant enrichment of a small set of tran-
scription factors was observed. Remarkably, significant
enrichment of the binding motifs of two subunits of the
NF-�B complex, specifically c-REL (9.3%, P-value = 2.0 ×
10-5) and p65/RELA (6.3%, P-value = 3.1 × 10-3) (Figure
3a) was observed. NF-�B is known to be involved in the
survival of LCLs and latency III-regulated cell gene expres-
sion [26]. We also found enrichment of additional hema-
topoietic transcription factor binding motifs in this 500-bp
window around hypomethylated CpG sites, such as
GATA3, STAT1 and the MEF2 family (Figure 3a).

To evaluate the extent to which hypomethylated genes
correlate with NF-�B occupancy, we used our methylation
data and ChIP-seq data for NF-�B p65. Enriched NF-�B
p65 peaks from a ChIP-seq study in lymphoblastoid cells
[27] were annotated to the nearest Ensembl gene build
(version 54) [28] using the Bioconductor package ChIP-
peakAnno [29]. All the targets from all four replicates
were uniquely combined. Overlap of hypomethylated
genes and NF-�B p65 targets were represented in a Venn
diagram and the significance of overlap was determined by
a standard chi-square test, written in the syntax of the R
statistical program (Figure 3b).
We found that among the entire set of unique direct

NF-�B p65 targets, 131 genes were shared with our list of
256 hypomethylated genes, that is, 51% of our hypomethy-
lated genes were directly associated with the NF-�B p65
subunit (Figure 3b). Examples of the detailed binding of
NF-�B p65 to these hypomethylated regions are shown in
Figure 3c. Additional ChIP-seq data for other transcription
factors were also used to investigate the overlap with
hypomethylated genes. Specifically, we used ChIP-seq data
from EBF1, IRF4, MEF2A, MEF2C, PAX5 and PU1
obtained from GM12878 cells (LCLs) from the ENCODE
project (Figure 3D). Remarkably, significant enrichment
was obtained for the binding of EBF1, IRF4 and MEF2C
(P-value < 0.05). EBF1 is a transcription factor that is criti-
cal for both B lymphopoiesis and B cell function [30].
IRF4 is as a crucial transcription factor in the generation
of functionally competent plasma B cells [31]. Finally,
transcription factor Mef2c is required for B cell prolifera-
tion and survival after antigen receptor stimulation [32].
chipseq
Our results suggested an association between genes that
are regulated by B cell-specific transcription factors, parti-
cularly some associated with B cell activation and prolif-
eration, and those that become hypomethylated. It is
possible that during transformation of B cells to prolifera-
tive lymphoblasts, cells are less efficient in maintaining
DNA methylation at actively transcribed sites, perhaps due
to a lower presence of DNA methyltransferases (DNMTs),
which are preferably bound to heterochromatic regions
[33,34]. One could argue that in quiescent B cells there is
a tendency for inactive genes to become methylated, and
when the cells are activated to grow and proliferate, genes
that become active lose methylation. This possibility was
partially discarded by analyzing the methylation levels in
CD40L/IL4-activated B cells (Figure 2g). Also, the analysis
of bone marrow CD19+ cells, where a high proportion of
B cells are proliferating [35], showed no methylation dif-
ferences with respect to peripheral blood CD19+ cells,
which are quiescent (Additional file 3). It could also be
possible that the finding of lower methylation levels in
proliferating B cells was due to the specific infection by
EBV of a B cell subpopulation with lower levels of
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methylation. To address that, we pyrosequenced several
genes in different B cell subpopulations present in periph-
eral blood, including naïve B cells, as well as unswitched
and switched memory B cells. No differences in methyla-
tion were observed with respect to total CD19+ cells from
peripheral blood or RBLs and they all displayed higher
methylation than LCLs (Additional file 3).

Several key genes are overexpressed is association with
hypomethylation during EBV-mediated transformation to
LCLs
Our findings suggest that many of the genes undergoing
hypomethylation are actively transcribed in B cells, and
therefore loss of methylation may not directly affect their
expression levels. However, it is important to determine
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whether hypomethylation is also associated with overex-
pression of genes that may confer an advantage to prolif-
erating B lymphoblasts.
To address this matter, we performed quantitative

PCR of the selected genes in the set of six paired RBL
and LCL samples (Figure 4a). Loss of methylation was
in some cases associated with an increase in gene
expression. This happens for instance for all bona fide
EBV-induced genes (EBI), like EBI1, EBI2 and EBI3 (Fig-
ure 4a). Individual analysis also showed increase in
mRNA levels for other genes, although in other cases
this correlation with hypomethylation did not occur,
and no changes or even a decrease in expression was
observed, although the fold change was relatively low
(see central and bottom panels in Figure 4a). This is not
surprising, given that the DNA methylation levels of
some of the genes undergoing hypomethylation in this
process were already relatively low in resting B cells. As
mentioned above, many of these hypomethylated genes
are key factors in B cell function (CD19, CD79a, BLNK,
and so on) and they are expected to be highly expressed
in resting B cells. To test whether RNA polymerase II
(Pol II) is associated with these genes we overlapped our
data with the ChIP-seq data and found that at least 111
of them were Pol II-bound genes (Figure 3b). Examples
of the detailed binding of Pol II to these hypomethylated
regions are shown in Figure 3c.
We tested whether our 256 hypomethylated genes

were generally highly expressed in B cells relative to
other cell types. Thus, we compared normalized Affyme-
trix mRNA expression data of 73 normal human tissues
[36]. Comparison of expression of the 256 hypomethy-
lated genes indicated that around 28% of them were
more highly expressed in B cells than the average
expression level of the 73 other tissue types (Figure 4b),
reinforcing our findings on the relevance of the B cell
context in the genes that undergo hypomethylation.
For a general comparison in the context of transfor-

mation of RBLs to LCLs, we compared the expression
profiles of the 256 genes hypomethylated in B and LCLs
(available at the Gene Expression Omnibus (GEO) data-
base under series accession number GSE26212) [16].
This revealed that around 41% of the genes displayed
high levels of expression in RBLs (Figure 4c). However,
around 59% of the remaining genes accomplished signif-
icant increase in gene expression (Figure 4b; Additional
file 4), correlating with the over two-fold reduction in
DNA methylation. Remarkably, the list of genes that
become hypomethylated and are overexpressed includes
several key genes in RBL to LCL conversion (Additional
file 4). For instance, EBI3 undergoes an approximately
five-fold change in methylation and becomes overex-
pressed. This gene is a subunit of the heterodimeric
cytokine IL27, known to be regulated through NF-�B

activation [37] and to induce B cell proliferation, which
is stronger in naïve than in memory B cells [38].
Another example is LTA, or lymphotoxin alpha, a mem-
ber of the tumor necrosis factor family, and an auto-
crine growth factor induced upon binding of NF-�B
[39]. Other examples in our list include genes like
SLAM1 and SLAMF7, two members of the ‘signaling
lymphocyte activation molecule’ (SLAM) family, also
implicated in B cell proliferation [40].

Pharmacologically induced DNA demethylation enhances
proliferation during RBL to LCL transformation
Our analysis revealed that a high proportion of the
genes that undergo hypomethylation during RBL to LCL
transformation become overexpressed and that several
of them are important for the transformation on con-
tinuous proliferating B lymphoblasts. To determine
whether hypomethylation has any effect on the effi-
ciency of transformation, we investigated whether phar-
macologically induced hypomethylation influences RBL
to LCL transformation. We tested the proliferation rate
in RBLs infected with EBV and incubated in the pre-
sence of increasing concentrations with the demethylat-
ing agent 5-azadeoxycytidine (azadC) at concentrations
between 50 pM and 50 μM. MTT assays showed that
mock-treated cells started to proliferate around day 6
after infection with EBV (Figure 5a). Cell viability and
proliferation rate decreased at very high doses of azadC,
consistent with the toxicity properties of azadC at high
doses, which we tested on cultured LCLs (Figure 5a).
However, at low azadC concentrations (50 pM, 500 pM
and 5 nM), where viability of cells is comparable to that
of control cells (Figure 5a), a significant increase in cell
proliferation was observed after day 8 (Figure 5b). This
increase in proliferation in the presence of azadC was
not observed when established LCLs were used as a
control in proliferation experiments in the presence of
azadC, suggesting that the effect of azadC is associated
with the transformation of RBLs to proliferating B cells.
Bisulfite genomic analysis of several of the target genes
confirmed the loss of methylation at the studied CpG
sites upon treatment with 5azadC at low concentrations
(Figure 5c). In fact, we observed that azadC-treated cells
had lower levels of methylation than control cells at day
10 (Figure 5c). Analysis of viral promoters showed that
these were unmethylated in both free viral particles and
in LCLs, ruling out the possibility that demethylation at
EBV promoters and overexpression of EBV-encoded
genes are responsible for more efficient transformation
of RBLs to LCLs.

Discussion
Our results provide evidence that EBV-mediated trans-
formation of RBLs to LCLs results in the demethylation
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of a cluster of around 250 genes. Conversely, no significant
hypermethylation is observed. Hypomethylation has been
described in various immune disease-related contexts,
including ICF (immunodeficiency, centromere instability
and facial anomalies) syndrome [41] and autoimmune dis-
eases [8]. In most cases, disease-associated hypomethy-
lation occurs at repetitive sequences, including Alu
elements [42]. However, in RBL to LCL transformation,

hypomethylation takes place near the transcription start
sites of around 250 genes, and no apparent hypomethyla-
tion occurs at the major type of repetitive elements. Lack
of hypomethylation in repetitive sequences is consistent
with the minimal changes in genomic stability associated
with EBV-associated lymphoproliferation.
Given that hypomethylation occurs in association with

the acquisition of proliferation, it is likely to be related to
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the decreased efficiency in DNA methylation maintenance
as cells start to divide. The lack of evidence for active
demethylation mechanisms during this process also sup-
ports the above possibility. The transition of a differen-
tiated resting cell to a proliferative status would require
the participation of DNMTs to maintain the DNA methy-
lation profiles throughout replication/division cycles. Var-
ious lines of evidence indicate that DNMTs are associated
with repetitive sequences [33,34] and that heterochromatic
regions act as a reservoir for DNMTs [33]. This would
explain why active regions, which are less rich in DNMTs,
lose methylation in the transformation from resting to
proliferative B cells, whereas in ICF syndrome, which is
characterized by mutations in DNMT3B, hypomethylation
takes place in heterochromatic regions, which act as reser-
voirs of DNMTs.
In fact, analysis of the regions associated with hypo-

methylation during RBL to LCL transformation shows

enrichment of highly expressed genes and target sites of
transcription factors that are expressed in B cells or are
specifically activated during EBV infection, such as factors
in the NF-�B pathway [26,43]. The modulation of the NF-
�B signaling by EBV is not only important for viral infec-
tion, but also contributes to the development of malignant
neoplasia [43]. In addition, our results indicate that hypo-
methylated genes are regulated by B cell-specific factors
like EBF1, IRF4 and MEF2C, the last two of which are
implicated in B cell activation and proliferation processes.
We also observed that many of the genes that undergo
hypomethylation, like CD19, CD79a, BLNK, BLK and
LCK, are highly expressed in B cells. This suggests that
active regions are either more accessible to putative
demethylating machinery or are less efficient at maintain-
ing methylation as proliferation starts. Given the lack
of demethylation events before proliferation begins, and
that we were unable to detect links between any of the
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proposed mechanisms associated with active demethyla-
tion, we favor the occurrence of a replication-coupled
mechanism of demethylation, due to the inefficient main-
tenance of DNA methylation as replication is initiated.
Similar to studies of the EBNA2 binding sites [4] in which
EBV exploits intrinsic B cell transcription programs, hypo-
methylation takes place preferentially in genes that are
expressed. Comparison of the lists of significantly hypo-
methylated genes and the presence of transcription factor
binding motifs and occupancy reinforced this notion. Data
from different sources suggest that transcriptionally active
regions are devoid of DNMTs, making the maintenance of
DNA methylation less efficient. On the other hand, since
the main functional consequence of promoter hypomethy-
lation would potentially be an increase in transcription, it
is likely that demethylation contributes to overexpression
of some of these genes. In this sense, we have identified
several key genes that undergo both hypomethylation and
overexpression during the conversion of RBLs to LCLs.
These include genes like EBI3 [37,38], a subunit of the
cytokine IL27, LTA [39] and members of the SLAM family
[40] among others that are known to contribute to lym-
phocyte proliferation (Additional file 4).
In addition, demethylation of genes that already have

high expression levels in the first set of infected cells
might also lock its transcriptional status, and therefore
would reinforce the B cell phenotype, and might be key
to enable infection of more B cells. EBV initially infects
oropharynx epithelial cells, establishing a lytic replica-
tion that spreads to some B cells in nearby lymphoid tis-
sues. Those expand as EBV establishes a type III latency
growth-transforming infection of B cells that elicit a
strong T-cell-specific response. Maintaining a B cell
phenotype would favor recirculation and generalized
expansion to B cell areas in secondary lymphoid organs
where surviving B cells downregulate EBV antigen
expression and establish long-term silent latency [44].
The functional relevance of demethylation in this pro-

cess is highlighted by the observation that treatment of
RBLs with azadC at low sub-toxic concentrations enhances
RBL to LCL transformation. Since the EBV genome is vir-
tually unmethylated in free viral particles, demethylation at
EBV promoters and overexpression of EBV-encoded genes
can be ruled out as responsible for more efficient transfor-
mation of RBLs to LCLs. Our findings on the enhanced
cell proliferation concomitantly associated with the pre-
sence of low sub-toxic amounts of azadC suggests that
initial DNA methylation changes may cooperate in the
efficiency of this process.
Although type III latency lymphoblastoid cells do not

necessarily correspond to initial steps of lymphomagenesis,
they both share enhanced proliferation [45]. It is likely that
hypomethylation occurs in early steps towards to lympho-
magenesis, when enhanced proliferation starts. In other

hematological neoplasias, like in acute myeoloid leukemia,
DNMT3A mutations are highly recurrent [46], and it has
been proposed that these mutations in an enzyme respon-
sible for the establishment of DNA methylation are an
early event of clonal evolution [47]. In B-cell chronic lym-
phocytic leukemia, increased levels of TCL1 result in inhi-
bition of DNA methylation [48]. Inhibition of methylation
is proposed to be a common oncogenic mechanism in leu-
kemogenesis [48]. These findings highlight the relevance
of our study as a potential early mechanism in this group
of tumors.

Conclusions
Our study of DNA methylation changes in EBV-mediated
transformation of RBLs to LCLs reveals that only promoter
hypomethylation occurs during this process. Neither signif-
icant hypermethylation nor methylation changes at repeti-
tive elements are observed. Hypomethylation takes place
only when proliferation has started, and the analysis of
putative elements of the active demethylation machinery
does not indicate their implication during this process.
Most genes undergoing hypomethylation are active and
display the presence of NF-�B p65 and other B-cell-specific
transcription factors. Since DNMTs tend to associate with
heterochromatic regions, it is likely that maintenance of
DNA methylation is less efficient in transcriptionally active
regions as cells start to proliferate triggered by EBV; how-
ever, this process does not occur during CD40L/IL4-stimu-
lation of B cells where no changes are observed. Our
results show that hypomethylation is associated with
further upregulation of gene expression of many of these
genes. Also, pharmacologically induced demethylation
increases B cell transformation efficiency and proliferation.
Collectively, our data indicate that the B cell transcription
machinery is associated with the subset of genes that
undergo hypomethylation. The finding that relevant genes
in EBV-mediated transformation of B cells are further
upregulated indicates a key role of this mechanism. Hypo-
methylation has been proposed to play a role in early stages
of hematological malignancies, including other B cell
malignancies. Our data reinforce the notion of the role of
hypomethylation in early lymphomagenesis and shed light
on underlying mechanisms.

Materials and methods
Ethics statement
Human samples (blood) used in this study come from
anonymous blood donors and were obtained from the
Catalan blood donation center (Banc de Sang i Teixits).
Since the samples are anonymous, no informed consent
is therefore required. The protocol used to transform
with EBV B cells obtained from these anonymous donors
was approved by the Committee of Biosecurity of IDI-
BELL (CBS) on 5 May 2011 and the Ethics Committee of
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the University Hospital of Bellvitge (CEIC) on 28 May
2011.

Subjects and sample preparation
Buffy-coats from anonymous blood donors were obtained
from the Catalan blood donation center (Banc de Sang i
Teixits). Viable peripheral blood mononuclear cells were
isolated using LymphoprepTM density gradient centrifu-
gation. Resting B cells were isolated by positive selection
using CD19 MicroBeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany), or by depletion using a B Cell Isolation
Kit (Miltenyi Biotec). Isolated B cells were immortalized
with the supernatant of the EBV producer cell line B95.8
for the methylation studies and with the 2089 EBV made
from 293 cells carrying a recombinant B95.8 EBV genome
[20] for expression analysis.

DNA methylation profiling using universal bead arrays
Infinium Methylation Assay (Illumina, Inc., San Diego,
CA, USA) was used to analyze DNA methylation. The
HumanMethylation27 panel allows researchers to interro-
gate 27,578 highly informative CpG sites per sample at
single-nucleotide resolution. This panel targets CpG sites
located within the proximal promoter regions of transcrip-
tion start sites of 14,475 consensus coding sequencing
(CCDS) in the NCBI Database (Genome Build 36). In
addition, 254 assays cover 110 microRNA promoters. On
average, two assays were selected per CCDS gene and
from 3 to 20 CpG sites for > 200 cancer-related and
imprinted genes. Bisulfite conversion of DNA samples was
done using the EZ DNA methylation kit (Zymo Research,
Orange, CA, USA). After bisulfite treatment, the remain-
ing assay steps were identical to those of the Infimium
Methylation Assay, using reagents and conditions supplied
and recommended by Illumina. Two technical replicates
of each bisulfite-converted sample were run. The results
were all in close agreement and were averaged for subse-
quent analysis. The array hybridization was conducted
under a temperature gradient program, and arrays were
imaged using a BeadArray Reader (Illumina Inc.). The
image processing and intensity data extraction software
and procedures were those described by Bibikova and col-
leagues [49]. Each methylation data point was represented
as a combination of the Cy3 and Cy5 fluorescent intensi-
ties from the M (methylated) and U (unmethylated) alleles.
Background intensity computed from a set of negative
controls was subtracted from each data point.

Detection of differentially methylated genes from the
methylation array and functional analysis
A t-test was carried out to identify probes differentially
methylated between primary B cells relative to their
counterparts obtained in the LCL. P-values were

corrected for multiple testing using the method pro-
posed by Benjamini and Hochberg [50] to control the
FDR. Genes showing a FDR adjusted P-value < 0.05 and
a minimum mean methylation FC of two were consid-
ered to be differentially methylated. Functional annota-
tion of hypomethylated genes was based on GO
(Consortium, 2000), as extracted from EnsEMBL [28]
and the KEGG pathway database [51]. Accordingly, all
genes were classified into three ontologies, based on
their involvement in biological processes, molecular
functions and cellular components. We took only the
GO/pathway categories that had at least ten annotated
genes. We used GiTools for enrichment analysis and
heatmap generation [52]. Resulting P-values were
adjusted for multiple testing using Benjamini and Hoch-
berg’s FDR method [50]. An FDR cutoff of 0.25 was
used for selection of enriched terms. The relationships
between the DNA methylation data (from standard
bisulfite sequencing and/or quantitative bisulfite pyrose-
quencing) and the age and sex of the individuals were
evaluated by the Pearson chi-square test.

Analysis of gene promoter methylation: bisulfite
sequencing and pyrosequencing
CpG island DNA methylation status was determined by
sequencing bisulfite-modified genomic DNA. Bisulfite
modification of genomic DNA was carried out as described
by Herman et al. [53]. To validate the DNA methylation
data obtained by the Infinium methylation assay, bisulfite
pyrosequencing was performed according to standard pro-
tocols and evaluated with the Pyro Q-CpG 1.0.9 program
(Biotage, Uppsala, Sweden). Primer sequences, product
lengths and annealing temperatures used in the bisulfite
sequencing and bisulfite pyrosequencing PCR reactions are
shown in Additional file 5. Raw data for bisulfite sequen-
cing of all samples is presented in Additional file 6.

Amplification of unmethylated Alus (AUMA)
DNA digestion with SmaI enzyme and ligation to the lin-
ker were performed as described elsewhere [18]. The pro-
duct was purified using the GFX Kit (Amersham
Biosciences, Uppsala Sweden) and eluted in 250 μl of ster-
ile water. A chimeric primer comprising the complemen-
tary linker sequence (ATTCGCAAAGCTCTGA), the cut
SmaI site (GGG) and three additional nucleotides homolo-
gous to the Alu consensus sequence were used to enrich
for Alu sequences: AUMA-TTC (ATTCGCAAAGCTC
TGAGGGTTC). Single primers were used for each PCR
reaction. Products were resolved on denaturing sequen-
cing gels. Bands were visualized by silver staining the gels.
Faint bands with inconsistent display due to small varia-
tions in gel electrophoresis resolution were not considered.
Band reproducibility was assessed with the analysis of
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PCR duplicates. AUMA fingerprints were visually checked
for methylation differences between bands in different
samples. Based on these premises, a given band was scored
according to three possible behaviors: hypomethylation
(increased intensity), hypermethylation (decreased inten-
sity) and no change (no substantial difference between
samples). Only those bands showing clear changes in their
fingerprint intensities were considered to represent methy-
lation changes.

Quantitative RT-PCR expression analyses
We reverse-transcribed total RNA extracted with TRIzol
(Invitrogen), using a Transcriptor First Strand cDNA Synth-
esis Kit from Roche Diagnostics (Indianapolis, Indiana,
USA). Quantitative real-time PCR analysis was performed
in a PCR Real Time LightCycler 480 (Roche) with Sybr
green. Primer sequences are shown in Additional file 5.

Analysis of transcription factor binding
Possible enrichment of transcription factor motif in the
500- to 1,000-bp region around the center of the hypo-
methylated probes and all other probes were predicted
with the STORM algorithm [54], assuming P-value cutoffs
of 0.00002 and 0.00001, respectively, using position fre-
quency matrices (PFMs) from the TRANSFAC database
(Professional version, release 2009.4) [55]. Enrichment
analysis of predicted transcription factors in the probes of
significant hypomethylated probes (n = 421) were con-
ducted using GiTools [52]. We calculated a two-tailed
P-value, and a finally adjusted FDR P-value (with 0.25 cut-
off) was considered in establishing statistical significance.
We downloaded EBF1, IRF4, MEF2A, MEF2C, PAX5

and PU1 binding ChIPseq data for the GM12878 cell line
from the ENCODE project [56]. Original hg19 genomic
co-ordinates were converted to hg18 using the USCS ‘lift-
over’ tool. RUNX ChIPseq target data were obtained
from the study of Hollenhorst and colleagues [57] (Jurkat
cell line, GEO Database ID: GSE17954). RBPJ and
EBNA2 taken from a 2011 study of Zhao et al. [4] (GEO
database ID: GSE29498). In this case, mapped data were
analyzed using the MACS (version 1.3.7.1) [58] pipeline
to call peaks. In all cases, peaks were annotated to the
nearest EnsEMBL [28] gene (version 54) using the Bio-
conductor package ChIPpeakAnno [29].

Expression analysis of hypomethylated genes in various
tissue types
Expression data on RBL and LCL from the study of Calis-
kan and colleagues [16] (GEO accession GSE26210) were
used to determine the relative expression of hypomethy-
lated genes in these two cell types. Probes were annotated
to Refseq genes and when more than one probe was pre-
sent for the same gene, they were averaged. Also, all

replicates on same sample were averaged. Expression
data were normalized by median-centering the expres-
sion value of each gene across all the samples and divid-
ing the value by the standard deviation. These
normalized values were delineated in a color-coded heat-
map using GiTools [52].
Normalized mRNA expression of data of 73 normal

human tissues was downloaded from the BioGPS data-
base [36] and analyzed similarly.

Cell proliferation and viability assays
In cell proliferation analysis, different dilutions of cells
were plated and cultured at 37°C in 5% CO2/95% O2 for
20 days. AzadC (Sigma, St. Louis, MO, USA) was used in
serial dilutions between 50 pM and 50 μM and refreshed
on day 4 of treatment. Every 2 days, cells were fixed and
stained with MTT and incubated for 4 hours at 37°C. The
reaction was stopped with 50% N,N-dimethylformamide,
30% SDS, 2.5% glacial acetic acid and 2.5% acid chloride
1 N, and incubated overnight at 37°C in 5% CO2/95% O2.
Cell quantities were determined by measuring the optical
density at 560 nm. All assays were performed in triplicate.
Cell viability was determined by the incorporation of pro-
pidium iodide in dead cells measured by flow cytometry.

CD40L activation of B cells
B cells were cultured at 1.5 × 106 cells/ml and activated
with 50 ng/ml of M.CD40L (Enzo Life Sciences, Lausen,
Switzerland) and 50 ng/ml of IL4 (Gentaur, Kampenhout,
Belgium). The percentage of activated RBLs was deter-
mined by CD86 expression measured by flow cytometry
and proliferating B cells were detected by measuring
BrdU incorporation.

Use of a B-cell-based inducible system to test AID activity
Jiyoye B cells with inducible expression of AID were gen-
erated using the Retro-X TM Tet-ON® Advanced Indu-
cible Expression System (Clontech, Saint-Germain-en-
Laye, France). This system works through the sequential
infection of the RetroX-Tet-ON advanced vector and the
pRetroX-Tight-Pur vector. Carboxy-terminal hemaggluti-
nin (HA)-tagged human AID was cloned in the pRetroX-
Tight-Pur vector. The stable doubly infected cell line was
selected with Geneticin (1 mg/ml) and Puromycin (0.3
μg/ml). AID expression was induced by the addition of
doxycycline (500 ng/ml) for 24 hours. Nuclear export
was inhibited by the addition of leptomycin B (10 ng/ml)
for 2 hours.

Data access
Methylation array data for this publication have been
deposited in NCBI’s GEO and is accessible through
GEO series accession number GSE41957 [59].
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Additional material

Additional file 1: Hypomethylated genes in RBL to LCL
transformation for a FDR adjusted P-value < 0.05 and fold change
(FC) ≥ 2 from bead array analysis.

Additional file 2: Comparison of the methylation levels (in
percentage) for selected genes from the bead arrays and calculated
after bisulfite pyrosequencing.

Additional file 3: A comparison of the DNA methylation levels of
selected genes in different B cell types. Bisulfite pyrosequencing was
performed for the genes selected from experiments with methylation
arrays. The analysis includes bone marrow (BM) CD19+ cells, naïve B cells,
unswitched (US) memory B cells and switched (S) memory cells. Also
peripheral blood resting B cells (RBLs) and corresponding lymphoblastoid
B cells (LCLs) are included.

Additional file 4: Expression changes between those undergoing
hypomethylation during the conversion between resting B cells
and lymphoblastoid cells.

Additional file 5: Primer sequences.

Additional file 6: Individual raw data corresponding to bisulfite
pyrosequencing presented in Figure 2.
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