






                                                                                                                                                                           

Mendelian laws of inheritance 

In the 1870s, Walther Flemming (1843-1905) exploiting the new microscopic 
technologies observed a phenomenon that he described as “metamorphosis” 
of cells. Flemming observed the onset of filamentous structures, able to 
absorb the basophilic dyes (coloured body), that appeared in the nucleus 
during the cellular division: these threadlike structures were the chromosomes.  
Flemming performed different studies about the cellular division and 
observed an equal distribution of chromosomes between the mother and 
daughter cell during the cell division. Initially he called this process 
“karyomitosis” (from greek μίτο namely thread). 
The discovery of chromosomes during the cellular division (mitosis) had 
become one of primary focus in cytological science. 

Subsequently, in the 20th century, the rediscovery of Mendelian Genetic 
combined with the new discoveries about the cellular division, brought into 
the spotlight the concept of units of heredity.  
Theodor H. Boveri (1862-1915) and Walter S. Sutton (1877-1916) formulated 
their own theory of “Mendelian laws of inheritance“ (1902-1903) in which they 
clarified the role of chromosome during mitosis: chromosome could be the 
vehicles of the genetic material.  
Boveri observed that the entire chromosomal set was necessary to a correct 
embryonic development; on the other hand, Sutton formulated the hypothesis 
that chromosomes could follow the Mendelian laws. 

Initially, the “Mendelian laws of inheritance” was not widely accepted by the 
scientific community; in the 1915s, Thomas H. Morgan (1866–1945), studying 
Drosophila Melanogaster, demonstrated that chromosomes carry the genes 
and play a crucial role in heredity. This discovery allowed him to win, in 1933, 
the Nobel Prize in Physiology or Medicine. 

Morgan, with his studies, confirmed another important observation from 
Theodor Boveri; Boveri hypothesized that uncontrolled cell grown of  
could be directly connected with an incorrect chromosomal composition, so 
this could be one of the causes of carcinogenesis. 
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Chapter I 

Introduction 
Lymphoproliferative diseases (LPDs) 

Lymphoproliferative diseases (LPDs) are tumors that derive from white-blood 
cells of the immune system and are characterized by specific genetic features 
strictly correlated with the developmental stage of the cells of origin, be them 
B, T or NK cells. LPDs present different features and can be divided in two 
groups: leukemias and lymphomas. They are characterized by a number of 
genetic alterations (point mutations, insertions and deletions) and are 
classified according to these alterations, such the presence of common  
chromosomal rearrangements {Look, 1997; Raimondi, 1999}. Overall a single 
genetic alteration is not be sufficient to triggers the disease {Hanahan and 
Weinberg, 2000}, yet many LPDs are characterized by a very small number of 
lesions, compared to other types of cancer, and these alterations play a 
crucial role in the phenotype and in the development of the tumor. 

Leukemias comprise of a large number of blood cancers that take origin from 
immature white cells in the bone marrow and are characterized by an 
uncontrolled clonal proliferation; 90% of leukemias affect adults, and they 
represent the most common type of neoplasm in children (about 70% of 
cases). Depending on the nature of their precursor, leukemias are divided in 
myeloid and lymphoid, and, depending on their aggressiveness, are either 
acute or chronic. 
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Myeloid leukemias derive from myeloid blood cells and are characterized by 
a rapid growth of white blood cells able to accumulate on bone marrow; the 
leukemic cells replace the normal bone marrow cells and interfere with the 
physiological production of cells in this compartment. This substitution 
induces a sharp decrease in the number of red blood cells, platelets and 
healthy white blood cells. 
Lymphoid leukemia, either acute or chronic, result from the exponential 
growth of circulating neoplastic lymphocytes. 
Acute lymphoid leukemia (ALL) is a highly proliferative and invasive neoplasm 
that originates in the bone marrow and can metastasizes to different organs 
such as spleen, liver, nervous system, lymph nodes, and gastrointestinal tract. 
On the other hand, chronic lymphoid leukemia (CLL), is less proliferative in 
nature. Diagnosis of CLL can be very difficult as, especially in the early stages, 
the cells involved are low in number and difficult to detect, due to the 
possible lack of cytological features in the neoplastic cells. 
While leukemias principally involve blood and bone marrow, on the other 
hand lymphomas originate from mature cells in lymph nodes and can be 
detected through the observation of the mass of lymphoid organs 
(lymphadenopathy). 

Lymphomas are a heterogeneous group composed by two categories: 
Hodgkin lymphomas (HL) and non-Hodgkin lymphomas (NHL).  
Hodgkin lymphoma is one of the most common lymphoma and originates 
from mature B-cells; the neoplastic clones are a mixtures of mononuclear 
Hodgkin and multinuclear Reed Sternberg cells (HRS). Hodgkin cells 
represent the proliferative part of the disorder and derive directly from 
mature B-cells; Reed-Sternberg cells are normally unable to proliferate and 
take origin from Hodgkin cells due to errors during mitosis by which the 
nuclear division is not followed by the cell division {Newcom, 1988; Ikeda, 
2010;}. Origin of HRS cells has been clarified by experiments demonstrating 
the presence of clonal and somatic mutations on immunoglobulin heavy and 
light chain gene, and rearrangements such as those happening during B-cell 
development {Küppers, 1994}. 
HL cells present an unusual phenotype due to co-expression of various 
hematopoietic markers and due to a global down-regulation of gene 
expression with respects to healthy B-cells. 
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Non-Hodgkin lymphomas (NHL) are a heterogeneous group formed by 
neoplastic T and B-cells that arise initially in secondary lymphoid tissues. 
NHL represents about 70% of lymphomas, and 80% of NHLs take origin from 
B-cells.  

Studies on the origin of genetic alterations in B-cell lymphomas have revealed 
how many of the most characteristic genetic lesions arise from failure of the 
unique molecular processes that occur in B-cells during their development. 
Thus, point mutations on non-immunoglobulin genes that resemble those 
observed during Somatic Hypermutation process can be found {Gaidano, 
2003; Montesinos-Rongen, 2004; Liso, 2006; Deutsch, 2009}. For example 
somatic mutations on the BCL6 oncogene present a mutational pattern 
similar to that observed on the immunoglobulin loci {Pasqualucci, 1998; 
Capello., 2000; Pasqualucci, 2000}. Moreover, reciprocal translocations 
between a proto-oncogene and the regulatory element of the B-cell receptor 
(BCR) are common; this translocation results in a high constitutive expression 
of the proto-oncogene, which can promote the cancer development {Küppers 
and Dalla Favera, 2001; Lossos, 2002; Jardin, 2003; Küppers, 2005}. 
These recurrent alterations are used as hallmark to describe and classify LPDs 
and show a direct correlation with the expression of AID, the effector of the 
antigen-driven antibody diversification processes {Bödör, 2005; Reiniger, 
2006}. 

B-cells receptor development 
B-lymphocytes are important elements involved in the immune response as 
they play a crucial role in the humoral immunity of the adaptive immune 
system through the production of antibodies (Ab). The main role of the 
antibodies depends on their particular ability to recognize the antigens and 
present them to the effectors of immunity. Antigens (Ag) are structural 
molecules originate from the body (self) or from external environment, which 
are the targets of T- and B-cells receptors. This interaction triggers the 
uniques molecular processes of immune system that allow an increase the 
affinity and specificity against antigens.  
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Also know as immunoglobulins (Ig), antibodies can be either transmembranal 
or soluble glycoproteins, and are composed by two heavy chains (IgH) 
covalently bound to two light chain (IgL). Both chains are formed by a 
constant (C) region in the carboxy-terminal part and a variable (V) region in 
the amino-terminal portion (Figure 1.1). 

C-regions of the heavy chains determine the isotype of the immunoglobulins. 
This domain specifies the particular function of any given antibody in relation 
to the immune system. In mammals there are five types of IgH, called with 
greek letters: μ, δ, γ, ε that encode for different classes of antibodies: IgA, IgD, 
IgE, IgG and IgM., respectively. On the other hand, the light chains present 
only two forms: the kappa (κ) and the lambda (λ), In humans immunoglobulin 
heavy chain genes locate on chromosome 14, immunoglobulin kappa genes 
on chromosome 2 and lambda genes chromosome 22 (Figure 1.2).  
Recognition and binding to the antigen (Ag) depend on the complementarity 
determining regions (CDR), which are hypervariable stretches within V-
regions in both heavy and light chain genes.  
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Figure 1.1 - Structure of B-cell receptor. A) The basic structure of mammalian 
immunoglobulins is composed by four polypeptide chains—two light chains and two heavy 
chains, which are connected by disulfide bonds. The N-terminal region (blue) is involved in 
the recognition of the antigens. B) Chemical structure of an immunoglobulin G (IgG, 
antibody) molecule.
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The estimated number of antigens that can be recognized by the antibody 
repertoire is higher than 1011. The repertoire is obtained through a two-step 
diversification process that happen alongside the maturation of the B-cells.  
This process involves a primary diversification, happening before birth, and a 
secondary one, which is triggered by moment the naïve B-cell encounters the 
antigen. 
Different specific processes contribute to the diversification of the 
immunoglobulin genes: V(D)J recombination, which takes place during the 
early stages of both B- and T-cells in the bone marrow without encountering 
antigen is defined independent; the others, classified antigen-dependent, are 
the Somatic Hypermutation (SHM), the Class Switch Recombination (CSR), and 
in species such as chicken and rabbit, Immunoglobulin Gene Conversion 
(IGC). These latter processes are specific to B-cells in the germinal center (GC) 
of secondary lymphoid organs (Figure 1.3). 
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Figure 1.2 - Structure of mouse immunoglobulin loci. IgH locus is composed by about 150 
variable (V) genes, 15 diverse (D) genes and 4 joining (J) gene and 8 constant (C) genes; 
Igκ presents 140 V genes and 4 J genes and one C exon; Igλ locus has a small number of 
variable exons positioned in distinct cassettes Diagram not drawn in scale; Diagram not 
drawn in scale; adapted from {Cobb, 2006}. 
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Antigen - independent: primary 
diversification  

The V(D)J recombination occurs during the maturation of T- and B-cells in 
bone marrow (primary lymphoid organ), and consists in a recombinational 
process that alters the primary sequence of the B- and T-cell receptor and the 
Ig genes. The process acts on an array of segments, upstream the constant 
region of the heavy and light chain, to produce functional T and B cell 
receptors (TCR, BCR). These segments belong to three types: variable (V), 
diverse (D) and joining (J). This process directly depends on the activity of 
Recombination-Activating Genes 1 and 2 (RAG1 and RAG2) {Oettinger, 1990; 
Agrawal, 1998}. 
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Figure 1.3 - Differentiation of B-cells in the germinal center. Naïve mature B cells activated 
through ’T-cell help’ signal migrate in secondary lymphoid organs establishing germinal 
centre. The dark zone represents the proliferating B-cells in which the process of secondary 
diversification of the immunoglobulin genes is activated. This process increases the affinity 
of the antibody against the antigen introducing mutations on the variable region. 
Unfavorable mutations lead the cell to apoptosis, however the acquisition of advantageous 
mutations on the variable region selects positively the B-cells and allow them to migrate to 
another zone of the GC (light zone). There the mature B-cells differentiate into memory or 
plasma cells and move out from GC. (Reproduced from Küppers, 2005). 
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RAG recombinase enzymes are able to bind specific sequences, flanking the 
genes V, D and J, called recombination signal sequences (RSSs); RSSs are 
positioned at the 3’ side of the V regions, at the 5’ side of the J regions and on 
both sides of D regions. RSS are composed of seven conserved nucleotide 
(heptamer), a non-conserved spacer sequence (12 - 23 base pairs) and an AT 
rich nonamer {Sakano,1980} (Figure 1.4). The genetic organization of the 
region dictates the order by which the recombinatorial reaction will proceed 
after the cleavage mediated by the RAG complex. 
This multistep process starts in pre-pro B-cells, through the expression of the 
RAG genes; RAG1 bind the nonamer in the RRS sequence {Swanson and 
Desiderio, 1998}, thus allowing the RAG complex to interact with the 
heptamer and to introduce two ssDNA nick in the nearby spacer, respectively 
at positions 12 and 23 bp (also know as 12/23 rule) {Tonegawa, 1983}. 
The double nick causes a double strand break (DBS) and it is repaired by non-
homologous recombination (NHEJ) {Malu; 2012}; NHEJ merges the DNA 
fragments through the micro-homology in the conserved heptamer. The 
result is a rearranged V(D)J region. Pro-pre B-cells that successfully conclude 
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Figure 1.4 - V(D)J region. RSS sequences are composed by an heptamer (in orange) and 
nonamer (in pink) interspersed with a non-conserved spacer sequence (12/23 bp) (in 
white). RAG1/RAG2 genes induce the double strands binding the conserved sequences 
(heptamer and nonamer) and introducing single nicks in 12/23 fragments. The 
microhomology due to nonamer allow to repair the lesion through NHEJ, thus rearranging 
the immunoglobulin locus.
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the V(D)J (naïve B-cells) recombination are able to survive and to migrate to 
the secondary lymphoid organs where they will undergo the secondary 
diversification processes to increase the affinity and the specificity to the 
antigen. 

Antigen - dependent: secondary 
diversification 

The antibody repertoire in naïve B-cells can potentially recognize a large 
amount of antigens with low affinity. Upon encountering the antigen a specific 
program initiates in the B-cell involving proliferation and diversification of the 
Ig genes. Cells that successfully conclude this multi-step process, differentiate 
in two sub-type: plasma cells and memory B-cells, whereas those cells which 
end up with a non-functional BCR, are selected against {LeBien and Tedder, 
2008}. Plasma cells are able to produce large amounts of high affinity 
antibodies, whereas memory B-cells are fundamental for long term immunity.  

Immunoglobulin gene conversion 

This molecular mechanism is the archetypal diversification process in 
tetrapods, which is found in species such as birds, rabbits, cattle and horses. 
Diversification of the variable region through IGC requires the presence of Ig 
pseudogenes upstream to the functional Ig loci. These pseudo genes are 
then used as templates for homologous recombination (HR) to repair the 
variable region. This diversity within the array of pseudogenes allows the 
introduction of templated mutations that are responsible for the increase in 
the affinity for the antigen (Figure 1.5) {McCormack, 1991; Reynaud, 1985; 
Reynaud, 1987; Reynaud, 1991; Reynaud, 1989; Thompson and Neiman, 
1987}.  
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Somatic Hypermutation (SHM) 

SHM acts on the productive allele on V(D)J region of immunoglobulin genes 
in a short window during B-cells development (Figure 1.5). Similarly to IGC, 
the aim of this process is to introduce mutations on the CDR of the variable 
regions of heavy and light chains. In contrast to IGC, SHM introduces non-
templated mutations, insertions (ins), or deletions (del)) {Di Noia, 2007; Peled, 
2008}. Sequence analysis reveal that the frequency of mutations at the 
immunoglobulin loci is orders of magnitude higher (10-5-10-3 mutations/bp/
generation) than in the rest of the genome (estimated at 10-9). The region 
targeted for mutations extends from about 150 nucleotides after the 
promoter to 1-2 kilobases (kb) downstream {Saribasak, 2012}. The mutation 
frequency at C:G and A:T pairs appears to be similar, while - if we consider 
the single targeted base - the mutation frequency between bases is different 
{Jansen, 2006}. With regards to A:T basepairs there is a bias between the 
transcribed and the un-transcribed strand: adenines on the transcribed strand 
present a mutation rate two fold higher than that of thymines {Rada, 1998}; on 
the other hand, there is no strand preference with regards to C and G 
mutations. Nonetheless, while no mutational hotspots have been identified 
for A:T pairs, mutations at C:G occur preferentially within a WRCY motif (W=A 
or T, R=G or A, C=targeted C, Y=C or T) or the inverse RGYW {Wagner, 1995; 
Petersen-Mahrt, 2003}. 

Class Switch Recombination (CSR) 

Class Switch Recombination is a deletetional/recombinational process that 
changes the isotype of the expressed antibody through an alteration of the 
heavy chain primary sequence. In contrast to SHM, CSR promotes the 
rearrangements of both immunoglobulin heavy chains alleles. The outcome 
of the process is the excision of the region between two S regions and the 
joining of the resulting ends {Chaudhuri, 2007; Ono, 2007}. This is possible 
due to the organization of the IgH locus, which is formed by an array of 
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regions encoding for the constant domains (Cμ-Cδ, Cγ, Cε and Cα) spaced by 
repetitive regions called Switch regions (S). 
The array is precede by an intronic enhancer, and each region is preceded by 
a promoter. Similar to the V(D)J recombination, also this process requires the 
generation of two DBS. The first DBS occurs on the donor region - always Sμ -, 
the second one occurs in the acceptor regions (Sγ, Sε or Sα).

Naïve B-cells express IgM/IgD and the CSR allow them to change the isotype 
to IgG, IgE or IgA depending on the chromosomal rearrangement (Figure 
1.5). 

In 1999, Tasuku Honjo and Anne Durandy, published their studies about a 
new member of RNA editing deaminase family identified in B-cells from  
germinal centers in humans and mice. The protein - activation-induced 
cytidine deaminase (AID) is the key player in all three molecular processes 
responsible of secondary immune response: IGC {Arakawa, 2002} SHM and 
CSR {Muramatsu, 2000; Revy, 2000}.  
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Figure 1.5 - Secondary immune diversification of B-cells in germinal center. Activation-
induced deaminase (AID) deaminates cytosines to uracils in the immunoglobulin gene and 
triggers gene conversion, somatically hypermutation and class-switch recombination. The 
uracil (U) is removed by the cellular uracil DNA glicosylase UNG2. V (variable), D (diversity), 
J (joining) forming the Variable region of the immunoglobulin gene; S and C, Switch and 
Constant regions, respectively {Reuben, 2004}.
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The discovery of AID opened new avenues in the study and in the 
understanding of these important and peculiar processes, and in their mis-
regulation. 

Activation Induced Deaminase (AID) 
Discovery 
Activation-induced deaminase (AID) was first identified in a murine lymphoma 
cell line (CH12-F3) by a subtractive cDNA screen in which unstimulated and 
CSR-stimulated cells were compared {Muramatsu, 1999}. 
The demonstration that patients affected by type 2 Hyper-IgM Syndrome and 
- experimentally - knock-out mice for AID lacked the ability to undergo 
antigen-driven antibody diversification revealed AID as the key regulator in 
both CSR and SHM {Muramatsu, 2000; Revy., 2000}; subsequently studies on 
chicken B-cell line (DT40) demonstrated that also IGC directly depended on 
the action of AID {Arakawa, 2002}. 
Initially, AID was thought to be an RNA-editing enzyme, because of its 
similarity with APOBEC1, an RNA editing enzyme . 
Apolipoprotein B Editing Complex (APOBEC1) is expressed in the small 
intestine and liver (in mice) and deaminates a specific cytosine (6666 in 
humans) on the mRNA of apolipoprotein B; the deamination introduces a 
stop codon that leads to the translation of a shorter protein involved in the 
biosynthesis of chylomicrons {Navaratnam 1993; Teng, 1993}. The proposed 
model involved RNA editing mediated by AID that would activate  a putative 
recombinase involved in the SHM and CSR processes {Muramatsu, 1999; 
Muramatsu, 2000}. 

An alternative model was proposed by Michael Neuberger, who suggested 
that AID was a DNA editor acting directly on the Ig loci. To understand the 
physiological target of AID a mutation assay was performed in Escherichia 
Coli and it showed how the presence of AID could induce a mutator 
phenotype by deaminating deoxycytosines to deoxyuracils {Petersen-Mahrt, 
2002}. More evidence linking AID to direct targeting of cytosines was 
produced immediately afterwards by showing that the repair pathway 
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downstream to the action of AID involved excision of the deaminated 
cytosine through the Uracil-DNA-Glycosilase (UNG) {Di Noia, 2002; Rada, 
2002}. Mice B-cells lacking for UNG gene reduce the efficiency of SHM and 
CSR {Rada, 2002}; these experiment demonstrated that the physiological 
substrate of AID is the DNA strand. 
To clarify whether the mutational pattern introduced by AID was random or 
not, in vitro experiments were performed to demonstrate that AID 
preferentially targets cytosines within a WRC hotspot. This hotspot explained 
the WRCY/RGYW hotspot found on the Ig loci {Wagner, 1995} as these latter 
ones can be regarded as WRC motifs overlapping on the opposite strand 
{Beale, 2004; Rogozin and Diaz, 2004}. This observation also suggested the 
origin of the DSBs observed in the S regions, as AID-mediated DNA damage 
on the opposite strands could lead to the formation of DSBs during the CSR. 
From an evolutionary perspective, it is indicative the coevolution between AID 
as the trigger of the secondary immune diversification processes and the 
intrinsic characteristics of the gene locus of the immunoglobulin. 

Structure and function 
The structure and the function of activation-induced deaminase is still not 
totally characterized, because we are not able to obtain a sufficient amount of 
active recombinant protein to create a three-dimensional structure of AID; 
anyway sequence and mutagenesis analysis lead scientists to be able to 
obtain important informations. 

The gene encoding for AID is located on chromosome 12 in homo sapiens 
and codes for a 198 amino acid protein. AID belongs to a family of cytosine 
deaminases {Conticello, 2005} which comprises several members: APOBEC1, 
previously mentioned, APOBEC2, and the APOBEC3 cluster. 
APOBEC2 is expressed in muscle {Liao, 1999}, and seems to be related to 
muscle fibre development {Sato, 2010}. Yet, its function is still not clear. The 
APOBEC3s {Bishop 2004; Yu, 2004}, in particular APOBEC3G {Conticello, 
2003; Mangeat, 2003} and APOBEC3F {Zheng, 2004; Liddament, 2004} are 
involved in the innate immune response against retrovirus {Harris 2003; 
Lecossier 2003; Mangeat 2003}. Phylogenetic sequence analysis performed 
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to understand the origin and evolution of these deaminases revealed that the 
AID/APOBECs are a subgroup of deaminases restricted to vertebrates. 
Homologues of AID and APOBEC2 were found in the genome of 
cartilaginous and bony fish and they were identified as the ancestral 
members of the AID/APOBEC family. On the other hand APOBEC1 is present 
in all tetrapods. While its physiological role in mammals is established as an 
RNA editing enzyme, it is not clear yet whether an additional role targeting 
DNA could be present {Severi, 2011}. The APOBEC3 genes are restricted to 
mammals, where the cluster has undergone a rapid evolution and takes origin 
directly from AID. In humans it has expanded to include seven different 
APOBEC3s (A to H) {Conticello, 2005}. Catalytic core of AID resembles that of 
others Zinc-dependent deaminases.  

Indeed, starting from the three-dimensional structure of E. coli cytidine 
deaminase it was possible to identify the catalytic domain (Zn2+ binding 
domain) common to all cytidine deaminase. This domain is characterized  by 
an His-X-Glu motif flanked by another motif Pro-Cys-X-X-Cys {Betts, 1994). The 
tertiary structure of the deaminases bring these two motives  nearby, and the 
two cysteine and the histidine serve to bind the Zinc atom necessary for the 
reaction. The deamination takes place in this site, where the nucleotide is held 
in the catalytic pocket {Carter, 1995; Xiang, 1996; Xiang, 1997; Ireton, 2003; 
Ko, 2003}. 

The deamination reaction starts from a nucleophilic reaction in which the zinc 
atom in the catalytic pocket of the deaminase binds an activated water 
molecule through its fourth bond to generate an hydroxyl nucleophile; this 
nucleophilic attack on the C4 position of the targeted cytosine is followed by 
tetravalent intermediates that end up with the release of ammonia and the 
generation of uracil (deoxycytosine+H2O = deoxyuracil+NH3) {Carter; 1995}.  

AID also contains an N-terminal nuclear localization signal (NLS) (amino acids 
9 to 20) and a C-terminal nuclear export signal (NES) (amino acids 183 to 190) 
{Ta, 2003; Ito, 2004; Brar, 2004; Geisberger, 2009}. Deletion of the terminal 
regions of the protein reveals other functions: the deletion of the N-terminal 
domain damages the SHM process {Shinkura, 2004}; on the other hand the 
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loss of C-terminal domain directly affects the CSR {Barreto, 2003; Imai, 2005; 
McBride, 2004; Ta, 2003}. 

Alternative splicing of AID 
Alternative splicing is a process in eukaryotic cells fundamental for the 
regulation of gene expression and for the generation of diversity starting from 
a single gene. The eukaryotic gene sequences are composed by exons and 
introns that are processed during the maturation of messenger RNA: exons 
may be included or excluded from the final mRNA thus generating different 
coding sequences, which - upon translation - can display differences in their 
biological function (Figure 1.6).  
Moreover alternative splicing is physiologically used to regulate the 
expression of a given gene, the processing of its mRNA, for example by 
inducing nonsense-mediated decay or the translation of an inactive protein 
{Black, 2003}. 
Alternative splicing of AID was first observed in lymphoproliferative disease 
{Albesiano, 2003; Greeve, 2003; McCarthy, 2003; Oppezzo, 2003; Babbage, 
2004; Forconi, 2004; Heintel, 2004; Wu, 2008; Marantidou, 2010; Palacios, 
2010}. AID splice variants were detected as well in normal B-cells in both 
humans and mice {Greeve, 2003; Oppezzo, 2003}. Although the presence of 
AID splice variants in B-cell tumor do not affect the mutational pattern, It has 
been hypothesized that they may play a role in the regulation of full length 
AID. Subsequent experiments demonstrated that B-cells expressed the 
isoforms of AID cannot reconstitute the CSR process {van Maldegem, 2009; 
van Maldegem, 2010}. These observation support the hypothesis that AID 
isoforms lack for deamination activity.  
The isoforms in homo sapiens are four and they were hypothesized to play a 
role in the regulation of full-length AID reducing the amount of AID-FL mRNA 
or controlling the localization of AID-FL inside and outside from the nucleus 
of the cell {van Maldegem, 2009}. 
The full length isoform of AID is encoded by five exons. the other ones 
resulted from the deletion of exon 4 or of all exons coding for the active 
domain, or insertion of intron 4. Similar to the full length, AID-ΔE4a lacks on 
the first part of exon 4 of few amino acid; AID-ΔE4 presents a stop codon 
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Figure 1.6 - Schematic representation of alternative splicing. Different transcripts take 
origin from the same coding gene leading the cell to produce different proteins from the 
same gene.

Figure 1.7 - Schematic organization of human AID isoforms. The alignment of the splice 
variants with the full-length protein reveals different domain of AID. Activate-induced 
deaminase is encoded by five exons, some of which are selectively excluded from AID 
splice variants. The numbers indicate the amino acid positions. Hexagon-shaped stop signs 
mark the stop codons of the various products. Exon and intron sequences that are not 
translated are in light gray color. Splice variants indicated with the arrow have been used in 
the experiments reported in this chapter. Picture modified from {Wu, 2008}.
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after exon 3; AID-ΔE3ΔE4 formed by exons 1, 2 and 5 and AID-ivs3 isoforms 
gains the intron 4 changing the frameshift introducing a stop codon 
approximately 50 amino acids before the normal one (Figure 1.7). 

AID in secondary-immune response  

AID in Somatic Hypermutation (SHM) 
As mentioned above, SHM is a process that occurs in germinal center B-cells 
and introduces mutations, insertions and deletions on the complementarity 
determining region (CDR) of the variable regions in the Ig genes. This process 
results in the evolution of an antibody with a higher affinity for a specific 
antigen. This process is strictly dependent on the DNA lesion introduced by 
AID and the pathways involved in the repair of the damage. 
The dU:dG mismatch generated by AID is recognized by Uracil-N-Glycosylase 
(UNG), an enzyme devoted to remove the uracil leaving an apurinic/
apyrimidinic site (AP site). This abasic site is cleaved by the apurinic/
apyrimidinic endonuclease  (APE) inducing a single strand break which can 
be processed and successfully repaired by DNA polymerase β. On the other 
hand the lesion can be processed through mutagenic repair pathways that 
can insert the mutations in the V(D)J region. 
Even before the identification of AID as the trigger of SHM, studies suggested 
that the SHM process takes place in two distinct phases that are directly 
dependent from the different repair pathways involved. Whereas the 
proportion of C:G and A:T mutations in the V(D)J region from normal B-cells 
was roughly equal, the mutational pattern observed in B-cells deficient in 
Mismatch repair (MMR) was heavily biased towards mutations at C:G pairs 
{Rada, 1998}. This suggested that mutations at A:T pairs were introduced in a 
distinct, possibly later phase during the SHM process. 
Eventually the mutational processes occurring during SHM could be classified 
in phases: those resulting in C:G mutations, phase 1A and 1B, respectively, 
and phase 2, responsible for the AT mutations. 

The phase 1A occurs during the replication (phase G1-S of the cell cycle) and 
is characterized by a preference for C to T or G to A  transitions (Figure 1.8). 
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the transitions occur because the uracil is read by the DNA polymerase as a 
thymine, bypassing UNG, and thus an A is inserted in place of a G. Phase 1B is 
triggered  by UNG: UNG removes the uracil, introducing an abasic site which 
is repaired by base excision repair (BER). BER can introduce either transitions 
or transversions (replacement of a pyrimidine with a purine and vice versa) 
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Figure 1.8 - Somatic Hypermutation models. DNA deamination model of immunoglobulin 
gene diversification, emphasizing Somatic Hypermutation and indicating some of the key 
enzymes implicated in each pathway. AID deaminates the cytosine generating a mismatch 
in the primary sequence. The alteration can be processed by base excision Repair (BER): 
UNG removes the uracil and the resulting abasic site is recognized by DNA polymerase β 
which repairs the lesion. The mutagenic profile can be acquired when replication occurs 
after deamination over the dU:dG mismatch or after UNG base removal. Moreover,  the 
dU:dG mismatch can be processed by the Mismatch Repair Pathway (MMR) which leads the 
introduction of mutations biased towards A:T basepairs. Modified from {Di Noia, 2007}.
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depending from DNA polymerase involved. Transversions seem to be 
mediated by, deoxycytidyl transferase Rev1 polymerase {Nelson, 1996; Zan, 
2012} that prefers the insertion of cytidines during the synthesis of the new 
DNA leading to C to G or G to C mutations {Petersen-Mahrt, 2002; Seki, 2005; 
Jansen, 2006}. 

In Phase 2 the dU:dG mismatch is detected by Msh2/Msh6, which belong to 
the post-replicative DNA repair system, mismatch repair (MMR) {Frey, 1998; 
Rada, 1998; Phung, 1998; Martomo, 2005} (Figure 1.8). 
Phase two occurs during G1 phase and the mutational pattern involves A:T 
pairs; pol-η knock-out mice show an accumulation of mutation at A:T pairs. 
This suggest that DNA polymerase-η is involved in the repair of the AID-
induced lesion. {Delbos, 2005; Di Noia, 2007).  

AID in Class Switch Recombination (CSR) 
CSR is a multi-step process that occurs in germinal center B-cells, promoting 
the switch of the antibody isotype, from IgM to a different immunoglobulin, 
such as IgA, IgG or IgE, maintaining the same antigen specificity. 
Evolutionarily, the CSR process is the last acquisition in the development of 
the adaptive immune system. It is present in all tetrapods and absent in 
cartilaginous and bony fishes {Barreto, 2005}. 
Considering that AID appears at the beginning of the vertebrate radiation, in 
cartilaginous and bony fish in which CSR is not present, it is intriguing that fish 
AID can be used to induce CSR in B-cells from AID-/- mice {Barreto, 2005}. This 
suggests that even though the CSR process evolved at a later stage, all the 
machinery to exploit the system was already present. 

CSR is initiated by the introduction of uracil into the DNA as a result of the 
AID-mediated deamination in the Switch regions. These repetitive regions are 
rich in mutational hotspots for AID and are actively transcribed during the 
cellular programme that begins with the activation of the naïve B-cells 
{Chaudhuri, 2003; Chaudhuri, 2004}. It is hypothesized that, due to the high 
density of mutational hotspots, AID is recruited and deaminates both DNA 
strands. The processing of the AID-induced deamination by UNG generates 
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an abasic site, which is further process to generate a nick in the DNA by the 
activity of the AP endonuclease {Doetsch, 1990; Mol, 2000; Xu, 2014}. 
Overlapping deaminations close enough on both strands could therefore 
generate DSBs {Stavnezer, 2008}. 

The DSB lesions on separate S regions is then repaired through Non-
homologous end-joining pathways (NHEJ) {Kotnis, 2009}. While PARP1 or 
LIG3 - genes involved in a-NHEJ pathways - promote the translocation {Wray, 
2003; Soni, 2014}, B cells lack for XRCC2, a gene involved in HR pathways, 
show an increase in the DNA breaks; thus suggest that HR could mediate the 
correct restoration of sequence during the immunoglobulin rearrangement, 
and induces a decrease in the efficiency of CSR {Hasham, 2010} (FIgure 1.9). 
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Figure 1.9 - Schematic representation of Class Switch Recombination mechanism. A) AID 
triggers the deletional-recombination inducing a DSBs at S regions of immunoglobulin 
locus followed by the action of the repair pathways. This allows the rearrangement of C 
region of heavy chain and the deletion of the intervening sequence. B) Representation 
shows the structural modification from IgM to IgA protein ad a result of the CSR.

A

B
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In fact the possibility to be a perfect substrate for AID, the induction of a 
controlled DBS followed by the capability to obtain a chromosome 
rearrangement able to produce a functional new antibody, is solely 
attributable to the sequence of the Switch regions. 

Recruitment of AID 
Recruitment of AID to the immunoglobulin loci during SHM and CSR is highly 
regulated to prevent uncontrolled mutagenic activity of AID on non-Ig genes 
that could culminate with the onset of the genome alterations. 
Despite an overall balance between B- and T- cells in the blood, 95% of 
lymphomas originate from B-cells. This paradox is explained by the molecular 
processes specific to the B-cell lineage {Küppers, 2005; Alt, 2013}. AID 
physiologically targets the Ig heavy and light chain loci, yet it has been shown 
to mutate non-Ig genes {Robbiani, 2008; Robbiani, 2009; Chiarle, 2011; Klein, 
2011Hakim, 2012;}. Indeed the particular mutational status of some of the 
oncogenes involved in B-cell tumors had been identified even before the 
identification of AID as a DNA mutator. AID mutational pattern could be thus 
identified in oncogenes such as BCL6, MYC, PAX5, MIR142, CD95 and BCL7 
{Pasqualucci, 1998; Shen, 1998; Müschen, 2000; Hakim, 2012}. Yet, all these 
off-target genes were targeted at a much lower frequency than the Ig loci {Liu 
2008}. Moreover, the damage induced by AID on other genomic loci could 
lead to over-expression of proto-oncogenes through onset of chromosomal 
translocation that juxtaposes them to the Ig enhancer {Nussenzweig and 
Nussenzweig, 2010}.  
Studies revealed that AID action on Ig gene seems to be facilitated by at least 
three related factor. The first one is the presence of enhancers, required for 
the hypermutation and the recombination of variable and Switch regions 
{Buerstedde, 2014}. The second one is the pausing of RNA PolII during  
transcription process {Wang, 2009}, which allows the hypermutation and 
recombination through the interaction of Spt5, a PolII stalling factor, with AID 
{Pavri, 2010}. The third element is the role of the RNA exosome complex, 
which enhances the activity of AID on the template strand by freeing the DNA 
strand of the RNA transcript and thus making it accessible to AID {Basu, 2011}.  
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Studies in murine B-cells and human lymphomas show that the predominant 
characteristic shared by the targets of AID is their clustering within RNA 
factories in which are transcribed genes with highly active super-enhancers 
(SEs) and regulatory clusters {Meng, 2014; Qian, 2014}. Super-enhancers are 
identified as a special subgroup of regulatory elements {Whyte, 2013} 
normally associated with highly transcribed genes; alteration on these 
enhancers can lead to the onset of disease {Hnisz, 2013; Parker, 2013}. 

Homologous Recombination and Non-
homologous end-joining: two pathways to 
repair DBSs 

The number of DNA lesions estimated to occur every day in a single cell is in 
the order of tens of thousands. This is why organisms have developed an 
array of reliable DNA repair systems that are fundamental to preserve the 
genetic information. {Krejci, 2012}. 
Genetic alterations that involve breaks in the DNA strand leads to the 
activation of two different repair pathways: Homologous Recombination (HR) 
and the Non-homologous end joining (NHEJ) (Figure 1.10). 

Homologous Recombination (HR) is necessary to accurately repair breaks on 
DNA strands and prevent loss of genetic information. It plays a crucial role in 
the crossing over during meiosis, thus permitting the exchange of genetic 
material between two homologous chromosomes each derived from parental 
gametes, and during mitosis, by permitting the correct replication of the 
genome. This high fidelity repair pathway is a post-replicative event which 
uses the homologous chromosome as a template to restore the break {Krejci, 
2012}. Gene targeting, a fundamental technique for genetic engineering 
based on the HR system was developed thanks to the studies on Homologous 
Recombination. The importance of these studies and of the gene targeting 
technique is highlighted by the Nobel prize shared in 2007 by Capecchi, 
Smithies and Evans. 
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The other pathway involved in repair of DSBs is the Non-homologous end 
joining (NHEJ), which joins the broken DNA ends without the need of a donor 
homologous sequence. This repair pathways is active throughout the cell 
cycle, especially in G1 due to the lack of sister chromatids. This form of repair 
is not as accurate as HR, in fact the onset of chromosomal translocations in 
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Figure 1.10 - Schematic diagram for NHEJ and HR. The double strand break can be 
repaired by two different systems depending on various factors, phase of the cell cycle and 
entity of lesion among them. A) NHEJ pathways starts with recognition of the DNA ends by 
the Ku70/80 heterodimer, which recruits the DNA-PKcs. Nucleases, such as Artemis, trim the 
ends. and the XRCC4-DNA Ligase IV-XLF ligation complex joins the break. B) HR pathway 
begins with the MRN-CtIP-complex, which resects the breaks to generate single stranded 
DNA (ssDNA) overhangs. The ssDNA is covered by RPA and subsequently replaced by 
Rad51 with the help of BRCA2. Rad51 nucleoprotein filaments mediate strand invasion on 
the homologous chromosome - used as template -  and the broken strand is resynthesized. 
{Brandsma, 2012}.
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cancer has been correlated to events repaired through NHEJ {Karanam, 
2012}. 

The repair of DSBs in CSR 

Classical- and alternative-NHEJ (c- and a-NHEJ) repair pathways are used by 
the cell to solve the DSBs when the sister chromatid is not available. NHEJ 
pathways join DNA ends without any homology and are active during specific 
phases of the cell cycle {Rothkamm, 2003}. C-NHEJ is the preferred repair 
process during the G1 phase when the chromatids are not available. Studies 
revealed its fundamental role for the repair of DSBs induced by ionizing 
radiation {Lieber, MR, 2010} or generated during the development of the B- 
and T-cells. It is the physiological pathway used during the SHM on V(D)J 
region of B receptor (BCR) and during CSR in B-cells {Stavnezer, 2008}. 
Mutations in the key elements of c-NHEJ, such as the Ku70/Ku80 heterodimer 
or the DNA ligase complex XRCC4/ligase-4 (LIG4), reduce the level of CSR 
{Casellas, 1998; Pan-Hammarström, 2005}. 
B-cells deficient for c-NHEJ components are still capable level of level of CSR 
and sequence analysis, on the rearranged Switch regions revealed a 
preference for microhomology at the DNA ends junctions {Yan 2007; Boboila, 
2010}. This repair pathway is not correlated with c-NHEJ, it is called 
microhomology-mediated-EJ, alternative end- joining (A-EJ) or alternative-
NHEJ {Guirouilh-Barbat, 2007}. Thus, even if the c-NHEJ pathway joins DNA 
breaks with short (1-3 nt) or no homology, the a-NHEJ prefers to join DNA 
ends which present a microhomology (4-20 nt). Actually, it is still unclear if a-
NHEJ is one or more pathways, but it is accepted its role in repair DBSs 
during CSR. Studies reported the importance of the role of a-NHEJ during the 
development of mature B-cells; B-cells deficient in C-terminal binding protein 
interacting protein (CtIP), a protein responsible for the resection step of the 
DNA ends from DSBs, which is normally associated with HR {Yun, 2009}, and 
proficient for c-NHEJ pathway show a considerable reduction in CSR level.
{Lee-Theilen, 2011}. During CSR both c- and a-NHEJ pathways (Figure 1.11) 
are active at the same time and they are used by the cell to correct different 
types of DBSs at the  Switch regions. The nature of the DSBs depends by the 
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density of the deaminated cytosines, due to the action of AID on opposite 
strands. This defines which repair pathway is more efficient for any given DSB 
event {Cortizas, 2013}. 

Chromosomal Translocations 

Translocations arise from the combination of two factors: DNA double-strand 
breaks (DBSs) and a trans-chromosomal ligation of the broken strands. 
Endogenous and exogenous mutagens agents, such as metabolism products 
like oxygen, chemical agents, radiations or ultraviolet light (UV) may trigger 
the onset of breaks on DNA strand. 
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Figure 1.11 - Schematic mechanism of classical- and alternative-NHEJ. A) c-NHEJ restores 
the break through the Ku70/Ku80 and XRCC4. This repair pathway joins DNA ends without 
homology. B) a-NHEJ Ku-indipendent pathway exploits the internal microhomologies 
distant from the ends. to repair the damage {Guirouilh-Barbat, 2007}.
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This genomic alteration can result in the overexpression of oncogenes or in 
generation of novel fusions genes {Jasin, 2000; Mills, 2003}. 
The overexpression arises when erroneous rearrangement juxtaposes a 
strong promoter in proximity of the coding sequence of a gene, such as 
happens in LDPs, in which the expression of proto-oncogenes (BCL2, BCL6, 
MYC) is controlled by IgH intronic enhancer {Robbiani, 2008; Lu, 2013; 
Sungalee, 2014}. This conditions can lead to the onset of tumors as happen in 
blood cancers. On the other hand, the translocation can promote the creation 
of a fusion gene, which encodes for a novel protein, directly implicated in the  
origin of disorder. For example, the Philadelphia (Ph) chromosome (or 
translocation) arises from the reciprocal translocation between chromosome 9 
and 22, and leads to the formation of a fusion gene BCR-ABL, which is strictly 
associates with Chronic Myeloid Leukaemia (CML) {Soverini, 2014}. There a lot 
of examples of deleterious translocations, most of them recorded in the 
Mittelmann database {Mitelman, 2015}. 

AID and B-cell tumors 

AID plays a crucial role during B-cell development triggering the SHM and 
CSR processes; AID is an efficient DNA mutator strictly controlled and 
regulated by many factors. Its regulation is very important because its 
mutagenic activity links immunity, chronic inflammation and genomic 
instability resulting, in some cases, in tumorigenesis {Pasqualucci, 2001; Kim, 
2007; Marusawa, 2008; Endo, 2008}. 

In the past years it has been demonstrated that AID can act as a genome-wide 
somatic mutator on non-Ig genes such as proto-oncogenes, tumor 
suppressors, genes involved in genome stability maintenance or pluripotency 
genes. These lesions are hallmarks of blood cancers: for example in more 
than 50% of diffuse-large B-cell lymphomas, proto-oncogenes such as PIM1, 
MYC, PAX5 are mutated, and the mutation pattern observed in these tumors 
correspond to that found on Ig genes during SHM and CSR {Wang, 2004; 
Dorsett, 2007; Robbiani, 2008; Robbiani 2009; White, 2011; Greisman, 2012}. 
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Genomic instability in often associated with a characteristic translocation that 
arise during the SHM or CSR; studies shown how these rearrangements are 
directly connect with AID action on Ig and non-Ig genes {Klein, 2011}. The 
nature of the translocation normally is cell specific and permits to define the 
molecular features of the disorder, used as a marker for prognosis and as 
indicator for therapy {Kersey, 1997; Biondi, 2000}. 
Diffuse large B-cell lymphoma (DLBL), a non-Hodgkin’s lymphoma (NHL), is 
characterized by the presence of different chromosomal translocation, which 
often involve a translocation between the Immunoglobulin (Ig) loci and the 
BCL6 gene (Figure 1.12). BCL6 plays an important role during germinal-
center formation through its capability to suppress p53 gene and regulate the 
apoptosis during the CSR {Phan, 2004}. The rearrangement brings the Ig 
promoter in the upstream region of BCL6 {Lu, 2013} inducing an over 
expression that is necessary for the cancer development. The over expression 
of BCL6 acts as a negative regulator of apoptosis blocking the cell death and 
leading to the accumulation of DNA lesions. 
Follicular lymphoma (FL) is a disease that affects follicle centre B-cells; with 
respects to DLBL, it presents a characteristic reciprocal translocation t(14;18), 
in approximately 80-90% of cases. This translocation involves the IgH locus 
and the proto-oncogene BCL2 (Figure 1.12). Sequence analysis of BCL2 
reveals similarities with the mutational pattern induced by AID during SHM;  
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Figure 1.12 - Schematic representation of common translocations in LPDs. A) The follicular 
lymphomas (FL) are characterized by the presence of BCL2/IgH translocation; this normally 
occurs during the SHM process and involve the V(D)J region of the immunoglobulins. B) 
Diffuse large B-cell lymphomas (DLBL) are characterized by translocations that involve BCL6 
gene. C) The most common translocation in Burkitt’s lymphomas involve the 
immunoglobulin loci and the MYC gene; this kind of translocation is directly connected 
with the CSR process.  
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normally the amount of lesions has be correlated with the survival of patients 
affected by FL {Correia, 2014}. 
Burkitt’s lymphoma (BL) is the most common NHL with an incidence of 70% in 
children and adolescents, and 30% in patients older than 60 years; most of BL 
cases are characterized by a reciprocal translocation that arises during CSR 
between the proto-oncogene MYC and the immunoglobulin Switch regions 
classified as t(8;14) {Robbiani, 2012; Said, 2014} (Figure 1.12); this alteration 
can also be found in others LPDs, such as follicular lymphoma, diffuse large B-
cell lymphoma and “B-cell lymphoma unclassifiable”. 

The translocation t(8;14) in Burkitt’s 
lymphoma 
Discovered in 1958 by Denis P. Burkitt during his studies on equatorial 
African’s children, the Burkitt’s Lymphomas is an uncommon type of Non-
Hodgkin Lymphoma (NHL) and its characteristic is an uncontrolled growth of 
white blood cells in particular B-cell. Similarly to other cancers, this phenotype 
takes origin from genetic alterations {Nambiar, 2008}. Two different variants of 
Burkitt’s lymphomas have been discovered: the endemic and sporadic 
variant. 
The endemic variant is the most common cancer among children in Africa 
and normally it is related to the presence Epstein Barr Virus (EBV); in fact the 
95% of cases of Burkitt’s lymphomas in Africa shows the EBV infection that 
often is associated with another disease really common in that area, the 
chronic malaria, that seems to lower the resistance versus the virus. 
The sporadic one (also called “non-Africa”) is another variant that can be 
found in Western World; it hasn’t a strong correlation with EBV, in fact only 
20% of patient affected by sporadic variety shows the presence of the virus. 

A characteristic chromosomal alteration associated with Burkitt’s lymphoma 
normally involves the oncogene MYC and one of the immunoglobulin genes  
encoding for the IgH gene {Erikson, 1982; Dalla Favera, 1982}, Ig kappa 
{Malcolm 1982} and Ig lambda {de la Chapelle, 1983}. The translocation MYC/
IgH appears in the 40% BL studied and although it has been defined as a 
marker of the disease, it has been found in other human LPDs, as DLBCL and 
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FL. The same translocation was described in pristane or IL-6-induced murine 
plasmacytomas {Taub, 1982}. 

AID deaminates cytosines outside Ig loci and triggers the onset of the 
translocation {Dorsett, 2007; Robbiani, 2008; Robbiani, 2009; White, 2011; 
Greisman, 2012}. On the other hand, mice lacking active AID are less 
susceptible of acquiring the translocation MYC/IgH {Gazumyan, 2011}. 

Sequence analysis performed on patients with t(8; 14) show the presence of 
two specific regions (clusters) on the first intron of myc, in which can be found 
most of  the breakpoints involved in the translocation. These two regions, 
respectively 560 bp and 779 bp in length, appear to have analogies with the 
immunoglobulin Switch regions. In particular, while the donor region (Sµ) 
recombines equally with both clusters, Sγ regions associate mostly with 
cluster 1 breakpoints, and Sα regions with cluster 2 ones (Figure 1.13) {Busch, 
2007}. 
These clusters share a common characteristic with other AID-targeted proto-
oncogenes, such as BCL6, RhoH, PIM1 and PAX5 {Pasqualucci, 1998; Liu, 
2008}. The instability on these proto-oncogenes does not depend on the 
density of WRC motifs, but it has been correlated with G-richness sequences. 
During transcription the G-regions form single-strand structures (G-loops) 
which contain the targeted sequence by AID {Duquette, 2007}.  

The MYC gene was discovered as gene homologous to the retroviral v-myc 
oncogene {Vennstrom 1982} and, subsequently, it was found to be expressed 
in different animal and human cancers {Cole MD, 1986}. MYC is a transcription 
factor that promotes or repress the expression of other genes (it is estimated 
15% of all human genes) through binding to the Enhancer Box sequence (E-
boxes). The expression of myc results in various physiological processes and 
controls genes involved in the cell cycle, in the control of cellular metabolism, 
signaling, and apoptosis {Dang, 1999; Menssen and Hermeking, 2002}. MYC 
upregulation was found in different tumors, such as lymphoproliferative 
diseases, lung adenocarcinoma {Little, 1983} , breast {Escot, 1986; Munzel, 
1991}, cervical {Sagawa Y, 2001} and ovarian carcinomas {Wang, 1999}. Its 
misregulation can lead to, or facilitate the onset of different diseases. 

                                       �                                                                                                                                  28



Chapter I - Introduction                                                                                                                                

MYC gene is located on chromosome 8 in humans and on chromosome 15 in 
mice and its conservation between humans and mice is 81%. The gene 
consists of three exons, with the start codon being located at the beginning of 
exon 2 in humans, and at the end of exon 1 in mice {Dang, 1999}. 

In the past years the commons techniques used to detect the presence of the 
translocation MYC/IgH was Southern blot and molecular cloning, but these 
were not suitable to detect chromosomal alterations in a small number of 
cells and to detect the breakpoints. A new approach, based on PCR, was 
developed to allow scientists to detect rearrangements in a small fraction of 
the cells and to investigate which part of the MYC gene was involved in  the 
MYC/IgH translocation. {Shiramizu, 1990}. While the regions of the 
immunoglobulins involved in the translocation were known (S regions), on the 
other hand the breakpoint regions of c-myc gene were not described. To 
detect and distinguish different breakpoint regions close or within to c-myc, 
different primers were designed to bind the 5’ region of c-myc gene at 
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Figure 1.13 - Schematic presentation of the MYC clusters. The clusters region starts from 
position 381 located 5’ of exon 1 until 4415 of intron 1. The distribution of the breakpoints 
within the IGH regions are indicated schematically in red and light blue to point out the 
relevant association with the MYC clusters. Image modified from {Busch, 2007}. 
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different position. Thus, this system permitted the detection of translocation 
t(8;14) in a cell population and the localization of the breakpoint regions of 
the c-myc locus {Ramiro, 2004}.  

Aid outside B-cell 

Physiologically AID is expressed in activated B-cells during their development 
and triggers the molecular mechanism that drive the SHM and CSR. 
The expression of AID is controlled and regulated through different layers: a 
tightly controlled promoter, post-transcriptional regulation by microRNA 
{Dorsett, 2008; Teng, 2008}, post-translational modifications {McBride, 2008; 
Cheng 2009} and subcellular localization {Geisberger, 2009; Patenaude, 
2009}. 
However, mutations ascribed to AID have been identified in tumors which 
take origin from different cellular type. Moreover, studies revealed the 
presence of AID in healthy spermatocytes in human testis and oocytes 
{Morgan, 2004; Schreck, 2006} 

On the other hand, Helicobacter pylori infection in gastric epithelium triggers 
the expression of AID {Matsumoto, 2007}. The comparison of deep 
sequences analysis of whole-exomes of gastric epithelium mucosal tissue of 
patients and mice knock-in for TP53 and constitutively expressing AID show 
that the mutations were predominantly transition C:G to T:A in GpCpX motif; 
this motif correspond to hotspots of AID found on Ig genes after SHM and 
CSR {Shimizu, 2014}. Moreover the aberrant expression of AID has been 
found in human cholangiocarcinoma-derived cells. AID expression is induced 
by tumor necrosis factor-(TNF-) via IkappaB kinase-dependent nuclear factor 
(NF)-kappaB pathways. This erroneous expression of AID resulted in the 
generation of somatic mutations implicated in tumorigenesis {Endo, 2007; 
Komori, 2008}. Moreover, AID expression is also regulated by estrogens 
{Pauklin S, 2009}. 
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Aim of the work 
Chromosomal translocations in Lymphoproliferative diseases (LPD) often 
involve the immunoglobulin locus, and are related to the secondary 
diversification process specific of B-cells. These erroneous rearrangements 
can place proto-oncogenes under the control of the intronic super-enhancer 
of Ig, thus leading to their upregulation. 
The MYC/IgH translocation is the most common alteration in Burkitt’s 
Lymphomas, and can also be found in murine pristane or IL6—induced 
plasmacytomas. This genetic alteration is characterized by the presence of 
well defined breakpoint regions. Moreover it is directly connected to the CSR 
process, which takes place during the development of B-cells. These unique 
characteristics make MYC/IgH translocation a perfect model for the onset of 
chromosomal translocations in human cancers. 

Many factors - mostly correlated to DNA repair pathways - have been 
identified as involved in the onset of MYC/IgH translocation. Yet, many others 
have been suggested but not proved yet, and other unknown ones could play 
an even more prominent role in the onset of this alteration. The experimental 
systems usually used to study chromosomal rearrangements, PCR 
amplification and Southern blot, have been used since a long time. Yet, they 
are not feasible to be used as a screening tool for unknown factors. Moreover 
their poor sensitivity when studying cellular populations in which only a small 
part bears the chromosomal translocation makes them difficult to use as tools 
to investigate the onset of chromosomal rearrangements.  

The aim of my PhD was to setup a tool to discover and study factors involved 
in the onset of the chromosomic translocation MYC/IgH during the secondary 
diversification process. 

To this aim we used a murine lymphoma cell line (CH12-F3) in which CSR can 
be induced through stimulation with TGF-β, IL-4 and CD40 stimulation. MYC/
IgH translocations have been observed in this cell line at a low frequency 
{Nakamura, 1996}. We thus replaced the second exon in one of the MYC 
alleles with the reporter gene Enhanced Green Fluorescent Protein (EGFP), 
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placed out-of-frame with respects to the wild-type MYC cds. The rationale of 
our approach is that  the onset of the MYC/IgH translocation will place the full 
EGFP cds under the control of the Ig locus, and thus induce the appearance 
of GFP(+) cells easily detectable by FACS analysis. We have set up the system, 
and we are now testing its feasibility to assay the role of specific factors in the 
onset of MYC/IgH translocation. 

In parallel, during my PhD I collaborated with Dr. Cesare Sala e Dr. Silvia 
Pietrobono to study the effects of AID splice variants in Class Switch 
Recombination.  
A number of splice variants of AID have been identified in B-tumor cells first 
and in normal B-cell later {Muramatsu, 1999}. The physiological role of these 
splice isoforms is controversial, as some studies deemed them catalytically 
active while others did not. We hypothesized that - even in absence of 
catalytic activity - these splice isoforms might have an effect on the efficiency 
of the CSR. 
We thus tested two of these splice variants, which we find catalytically 
inactive, for their ability to modulate the activity of endogenous AID in CH12-
F3 cells. In contrast to full-length AID, neither these splice variants or a 
catalytically impaired AID mutant affect the efficiency of CSR. Thus, while a 
role for these splice variants at the RNA level remains possible, it is unlikely 
that they, as proteins, exert any regulatory effect on the function of AID.  
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Chapter II 

Materials and Methods 

Solution and buffers 
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Transformation Buffer (TB) 

1 liter 
Pipes 10 mM 
CaCl2 15 mM 
KCl 250 mM 
brought to pH 6.7 with KOH 
MnCl2 55 mM

Church Buffer 

Sodium phosphate buffer 0.25 M 
EDTA 1 mM 
1% BSA  
7% SDS

2X Cracking Buffer 

50 ml 
NaOH 1 M (5 ml) 
EDTA 0.5 M (1 ml) 
10% SDS (5 ml) 
Glycerol (5 ml) 
ddH2O to adjust the final volume

Depurination Buffer 

1 liter 
HCl 11 ml 
ddH2O to adjust the final volume

5X TBE 

1 liter 
Tris Base 0.5 M (54 gr) 
Boric Acid 0.5 M (27.50 gr) 
EDTA 20 mM (4.56 gr)

Denaturation Buffer 

1 liter 
NaCl 1.5 M (87.7 gr) 
NaOH 0.5 M (20 gr)

Loading Buffer (DYE) 

1 ml 
15 % Xylene Cyanole 
15% bromophenol blue 
30% glycerol

20x SSC 

NaCl 3M 
Trisodium Citrate 0.3 M 
HCL 1 M to adjust pH to 7.2 

Sodium phosphate buffer 

Na2HPO4 1 M (342 ml) 
NaH2PO4 1 M (158 ml) 
ddH2O to adjust the final volume



Chapter II - Materials and Methods                                                                                                                                

Bacteria 
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Bacteria Medium

Medium Composition

Luria - Bertani (LB) bacto tryptone 2% 
yeast extract 0.5% 
NaCl 10 mM 
KCl 2.5 mM 
MgCl2 10 mM

SOB LB 
MgSO4 10%

SOC SOB 
Glucose 1 M

Freezing medium LB 
40% glycerol

Bacterial strains

Bacterial Strain Genotype Info

DH5α F-φ80d/lacZΔM15Δ (lacZYA -argF) 
U169 endA1 rec A1 
sdR17 (rK-m K+) 
deoR thi 1 supE44 
λ-gyrA96 relA1

host strain for general cloning  

Invitrogen (1986)

Top 10F F’{laclq Tn10 (TetR)} mcrA 
Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 
ΔlacX74 recA1 
araD139 
Δ(ara-leu)7697 
gal/U, gal/K 
rpsL endA1 nupG 

host strain for high efficiency 
cloning  

Invitrogen, US 
Yao Sylvia, 2002

Stable3 F- glnV44 recA13 mcrB mrr  
hsdS20(rB-, mB-) ara-14 galK2  
lacY1 proA2 rpsL20 xyl-5 leu mtl-1.

host strain for retroviral/lentiviral 
cloning 

Invitrogen, US

Bacteria Antibiotics

Antibiotics Concentration Cell Type

Ampicillin 50-100 µg/ml bacteria

Kanamycin 50 µg/ml bacteria
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Bacteria Techniques 
Preparation of chemically competent bacteria  
Day 1:  
inoculate overnight bacteria culture in 5 ml of LB media. 
Day 2: 
Inoculate 1 ml from the overnight culture in 250 ml SOB and let the cells grow 
into the shaker (200rpm) at 37°C until OD600=0.6 (lecture made with a 
Biophotometer Eppendorf spectrometer). The growing time depends on the 
bacterial strain (around 2 hours and half for DH5α). 
When the culture reaches the correct OD, cool the bacteria on ice 10 minutes 
and spin them down at 4°C, 2500 g for 10 minutes. From now the cells must 
be kept in ice for all the next steps. 
Remove the supernatant and resuspend the pellet in 80 ml of cold TB; store 
the bacteria on ice for 30 minutes and then pelleted at 4°C 2500g for 10 
minutes. Remove the supernatant and resuspend the pellet in in 20 ml of cold 
TB and keep the cells on ice 15 minutes. Add DMSO up to 7% final 
concentration and after 5 minutes; aliquot the competent bacteria in 1.5 ml 
tubes, snap-freeze them in liquid nitrogen, and store at -80°C. 

Transformation of chemically competent bacteria  
Day 1: 
Thaw chemically competent bacteria on ice and add up to 100ng of plasmid 
DNA and wait 30 minute. Heat shock the bacteria at 42°C for 45 seconds and 
immediately cool the samples on ice for 2 minutes. Add 1 ml of SOC media 
and culture the cells for at least 1h at 37ºC, to recover and to express the 
antibiotic resistance present on the plasmid. Gently spin down the bacteria, 
resuspend the pellet in ~100 μl of SOC and plate them  on plates containing 
the appropriate antibiotic. Place the plates for overnight growth at 37ºC. 
Day 2: 
Pick the colonies and inoculate them for the plasmid extraction. 
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Storage of bacterial strains  
An equal amount of freezing medium 2X (LB + 40% glycerol) was directly 
added to the bacterial culture. The culteres were then stored at -80°C. 

Cracking System: a massively screening for bacteria 
transformation  
For screening purposes, picked colonies are resuspended in 10 μl of sterile 
0.9% NaCl; transfer 5 μl to 200 μl of LB media for the maintenance of the 
bacteria; mix the others 5 μl with cracking buffer 2X to lyse the cells. Load 
directly the lysate into agarose gel for electrophoresis run. 
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Eukaryotic Cells 
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Cell Lines
Name Derivation Reference

CH12-F3 a mouse lymphoma B cell line Honjo et al., 1996

Hek 293T human embryionic kidney cell line

Cell Medium

Cell line medium Composition Selection

CH12-F3 RPMI 500 ml 
10% of fetal bovine serum (FBS) 
1% of Pen/Strep 100x (50 U/ml 
penicillin and streptomycin 
sulphate) 
1% of L-Glutamine (200 mM) 
β- mercaptoethanol. 0.1 mM

puromycin 0.6 μg/ml 

blasticidin 30-50 ng/ml 

HEK293T DMEM 500 ml 
10% of fetal bovine serum (FBS) 
1% of Pen/Strep 100x (50 U/ml 
penicillin and streptomycin 
sulphate) 
1% of L-Glutamine (200 mM)

puromycin 1.8 μg/ml

Freezing medium 90% FBS 
10% DMSO

Cell Antibodies
Name Source Feature(s) and usage Concentration

Anti-mouse IgA-RPE Southern blot 
Biotech

CH12-F3 
switch analysis

1:100

Anti-mouse IgM-RPE Bethyl CH12-F3 
switch analysis

1:100
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Cellular techniques 
Maintenance of cells 
When adherent or suspended cell cultures reach confluence, the cells are 
split into new flasks containing fresh medium and incubated in 37°C 
incubators with 5% CO2. Cell counting was performed using a Neubauer 
haemocytometer counting chamber.  

Freezing of cells  
Spin down a healthy logarithmic culture (3 to 5x106 cells) at 1,150 rpm for 3 
minutes; aspirate the supernatant and resuspend the pellet in 1 ml of sterile, 
ice cold freezing medium. Transfer them into cryogenic tubes and freeze at 
-80°C.  
For long-term storage, the cryogenic tubes are stored into liquid nitrogen.  

Thawing of the cells 
Warm the cryogenic tubes at 37°C in a water-bath until the freezing medium 
is thawed. Transfer the cells into a 15-ml falcon tube with 10 ml of warm 
culture medium and spin down the cells at 1,150 rpm for 3 minutes; 
resuspend the pellet in warm tissue culture medium and transfer the culture 
into an appropriate flask or a Petri-dish. 

Transfection of eukaryotic cells  
Transient transfections of HEK293T cells:  
Lipofectamine 2000 (Invitrogen) or Gene juice (Novagen) were used 
following the procedures recommended by the manufacturer. 

Stable transfection of CH12-F3  
Day 1: 
Wash 20x106 cells and spin them down at 1,150 rpm for 3 minutes; aspirate 
the supernatant and resuspend in 0,5 ml sterile PBS and transfer the cells in 
0.4 cm electroporator cuvette (Biorad) with 20 μg of linearized plasmid; put 
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the cuvette on ice for 10 minutes. Electroporate the cells with Gene Pulser II 
(Biorad) using the following parameters: Voltage = 250V; Capacity = 500 μF; 
Resistance = ∞; incubate the cuvette on ice for 10 minutes. Transfer the cells 
into a new flask content warm medium and place them in the incubator for 24 
- 48 hours. 
Day 2: 
Plate the cells into 96 wells F-type (four at least) using selection medium 
containing the appropriate antibiotic. 

When colonies are visible (white specks), pick them and expand them into 24-
well plates.  

Analysis of Class Switch Recombination 
Class Switch Recombination in CH12-F3 cells was induced with TGF-ß (2 ng/
ml), IL4 (2 μg/ml) and anti-CD40 antibody (0.5 mg/ml) as described in 
Nakamura et al. {Nakamura 1996}, in medium containing 30% FBS. After 72 
hours in culture CSR was assayed in stimulated cells by FACS using an anti-
IgA antibody conjugated with RPE (Southern blot Biotech, Birmingham, AL; 
1:100). Flow cytometry analysis was performed on a Accuri C6 flow cytometer 
with a standard configuration (BD Biosciences, San Jose, CA). 

Analysis of the expression levels 
The protein levels of AID variants from induced bacteria or transiently 
transfected HEK293T cells were assayed by western blot analysis after lysis 
with RIPA buffer and SDS-PAGE. A monoclonal antibody raised against AID N-
terminus was used  (clone 52-1; 1:1000){Conticello 2008b}. ß-Actin was used 
as loading control (monoclonal Ab, clone AC-15, lot 117K4873, Sigma, St 
Louis, MI, USA; 1:10000).  
Quantitative real-time PCR (qPCR) was carried out to analyze the transcription 
level of endogenous and exogenous AID in CH12-F3 cells. Total RNA was 
isolated with TriPure Isolation Reagent (Roche Diagnostics) and subjected to 
DNase I treatment (Roche Diagnostics). Reverse transcription was performed 
with High Capacity cDNA Reverse Transcription Kit (Life Technologies, Paisley, 
UK). The qPCR reactions were performed at 60°C using SsoFastTM EvaGreen 
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Supermix (Bio-Rad, Hercules, CA, USA) on a Rotorgene-Q (Qiagen) and 
analyzed using β-Actin as housekeeping gene. 

CRE-Lox system 
Cre recombinase is an enzyme that triggers the recombination between two 
loxP sites. These sites have a specific sequence with 8 bp core sequence, that 
represents the recombination site, flanked by two 13 bp inverted repeats. 
CH12-F3 cells were plated at a density of 3-5x105/ml and starved overnight. 
Then we added TAT-CRE (100 μg/ml) and after 1 hour we added chloroquine 
(100μM). The cells were incubated for 30 minute; after washing we plated the 
cells in fresh media in a limited dilution in order to obtain single clones to be 
tested for the success of the CRE treatment. In our case, we checked the loss 
of the blasticidin  resistance conferred by the antibiotic cassette. The TAT-CRE 
utilized in our experiments was a gift from Dr. Svend Petersen-Mahrt. 
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Molecular Biology techniques 

PCR 

Polymerase Chain Reaction (PCR) protocols 
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AB-Taq

Reagents Quantity/Volume

DNA template 100 ng

10x AB-taq buffer 5 μl

dNTPs mix (10 mM each) 1 μl

MgCl2 1.5 μl

Primer Forward (100 μM) 0.3 μl

Primer Reverse (100 μM) 0.3 μl

AB-taq (AB Analitica) 1 μl

ddH2O to 50 μl

Cycling Step Temperature (ºC) Time Cycles (nº)

Initial denaturation 94 2 min 1

Denaturation 94 35 sec

35Annealing depends on primers 40 sec

Extension 72 1 min/kb

Final Extension 72 5 min 1

Hold 4 ∞ 1
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Cloned Pfu DNA polymerase AD

Reagents Quantity/Volume

DNA template 100 ng

10x Cloned Pfu Reaction Buffer 5 μl

dNTPs mix (25 mM each) 0.4 μl

Primer Forward (100 μM) 1.25 μl

Primer Reverse (100 μM) 1.25 μl

Cloned Pfu DNA polymerase 1 μl

ddH2O to 50 μl

Cycling Step Temperature (ºC) Time Cycles (nº)

Initial denaturation 94 1 min 1

Denaturation 94 1 min

25-30Annealing Tm  primer - 5ºC 1 min

Extension 72 1 - 2 min/kb

Final Extension 72 10 min 1

Hold 4 ∞ 1

Kod hot start DNA polymerase reagents (Novagen)

Reagents Quantity/Volume

DNA template 50-100 ng

10x Kod hot start Reaction Buffer 5 μl

dNTPs mix (2 mM each) 1 μl

MgCl2 (25 mM) 3 μl

Primer Forward (100 μM) 0.15 μl

Primer Reverse (100 μM) 0.15 μl

Kod hot start DNA polymerase 1 μl

ddH2O to 50 μl

Cycling Step Temperature (ºC) Time Cycles (nº)

Initial denaturation 95 2 min 1

Denaturation 95 20 sec

25Annealing depends on primers 10 sec

Extension 70 15 sec/kb

Final Extension 70 5 min 1

Hold 4 ∞ 1
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PCR programs 
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Nested PCR used to detect the knock-in

Reagents Reaction #1 Quantity/Volume

DNA template 

depending on DNA 
polymerase

10x Reaction Buffer

dNTPs mix (2 mM each)

MgCl2 (25 mM)

External Primer Forward (100 μM)

External Primer Reverse (100 μM)

DNA polymerase

ddH2O

Reagents Reaction #2

DNA template from PCR #1

10x Reaction Buffer

dNTPs mix (2 mM each)

MgCl2 (25 mM)

Internal Primer Forward (100 μM)

Internal Primer Reverse (100 μM)

DNA polymerase

ddH2O

Touchdown PCR program to decrease aspecific bands

Cycling Step Temperature (ºC) Time Cycles (nº)

Initial denaturation 94

depending on DNA polymerase

Denaturation 94

Annealing  from 65 to 55 
(-1º each cycle)

Extension 72

Final Extension 72

Hold 4
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Reverse Transcription (RT-PCR) 
For Reverse Transcription PCR (rtPCR), the RNA was extracted from cells using 
TriPure isolation reagent (Roche), and then purified from eventual DNA 
contamination using the DNase I recombinant kit (Roche) according to 
manufacturer’s instructions. The retrotranscription was performed using the 
following PCR set-up and program, using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystem). 

Plasmid DNA extraction 
Nucleospin plasmid kit (Macherey- Nagel), for miniprep and High pure 
plasmid maxiprep kit (Invitrogen) for maxiprep according to manufacturer's 
instructions.  

DNA extraction from eukaryotic cells 

Wizard Genomic Purification Kit (Promega) was used according to 
manufacturer's instructions. The DNA obtained is quantified by 
spectrophotometer and by gel electrophoresis.  

Agarose gel electrophoresis 
For analysis and purification of DNA fragments.  
Dissolve 1 gr of agarose into 100 ml of 1x TBE to obtain a 1% gel and add 1 
μl/ml ethidium bromide (1.0 μg/ml) or SYBR green and pour the gel into an 
appropriate slide and wait until it solidifies. Mix 1-5 μl of DNA sample with 
loading dye (section 2.1). The samples and the DNA marker (100-plus or 1 kb 
ladder - New England Biolabs) are then on the gel, and apply current to run 
the electrophoresis. After the run, place the gel on UV light box to be able to 
visualized the bands. The ethidium bromide binds the DNA and when 
absorbs UV radiation (245 nm) is able to re-emit light at 590 nm (380-750 nm 
visible spectrum). 

                                       �                                                                                                                                  44



Chapter II - Materials and Methods                                                                                                                                

DNA fragment purification from gel 
DNA purification from gel was performed using Nucleospin Extract II kit 
(Macherey-Nagel), following manufacturer's instructions. The obtained DNA 
was quantified by spectrophotometer or gel run. 

Dephosphorylation and Ligation 
Dephosphorylation and Ligation of plasmids and inserts was performed with  
Rapid DNA Dephos & Ligation Kit, (Roche) following manufacturer's 
instructions. 

TOPO cloning kit 
TOPO TA® cloning kit (Invitrogen, US) was used to clone directly PCR 
fragments. Both TOPO plasmids (see table above) carry the lacZ gene for 
Blue-white screening. 

DNA sequencing 
DNA sequencing service was performed by the following companies: 
PRIMM Biotech Services (www.primmbiotech.com) and Macrogen 
(www.macrogen.com) for Sanger method sequencing. 
The identity and integrity of sequenced fragments were confirmed by 
aligning them to the ENSEMBL sequence database by nucleotide-nucleotide 
BLAST search (http://www.ncbi.nlm.nih.gov/BLAST). Putative mutations were 
checked against the original chromatogram.  

Statistical analysis 
All statistical analyses were performed using Prism (Graphpad, La Jolla, CA 
USA). The Kruskal Wallis Test with post hoc Dunn's multiple comparison test 
was used for the rifampicin assay. One-way ANOVA with Tukey’s multiple 
comparison test was performed to analyze the Class Switch Recombination. 
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Southern Blot 

In this work we used southern blot analysis (Southern, 1975) to screen clones 
for gene targeting. The protocol used is as follows: 

Day 1 
Digest 10 μg of genomic DNA, extracted by singles clones with an 
appropriate restriction enzyme. Run the samples on agarose gel at 80 V for 
5-6 hours. After the run a photo of the gel was taken to keep track of the 
running distances of all marker bands. The gel was then incubated with 
gentle agitation in Depurination Buffer for 15-30 min. The gel was then 
incubated with Denaturation Buffer for other 30 min. The gel was then 
prepared for the blotting to the “tower” to transfer the DNA from the gel to 
nylon membrane overnight. 

Day 2 
After disassembling the tower, the position of the wells on the membrane 
were marked and the membrane was cooked in a 3MM paper envelope at 
80ºC for 2 hours. After a wash in 2X SSC buffer the membrane was 
prehybridized with 15-20 ml of Church buffer at 65ºC in the hybridizer 
(Techne) for 1 hour.  
The probe was prepared by PCR amplification using primers 43 and 44 on 
CH12-F3 genome and radiolabeled with 32PCTP Amersham Ready-To-Go 
DNA Labelling Beads (-dCTP) (GE Healtcare). After purification with 
ProbeQuant G-50 MicroColumns (GE Healtcare) to eliminate not incorporated 
radioactive the probe was denatured. 
The prehybridization buffer was substituted with new Church buffer and the 
radioactive probe was added. The hybridisation was performed overnight at 
65ºC. 

Day 3 
The radioactive buffer was removed and the membrane was washed: 
2 washes with 2X SSC + 0,1% SDS for 10 min each 
2 washes with 0.1X SSC + SDS 0.1% SDS for 20-30 min each. 
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Excess buffer was removed from the membrane using 3MM paper, and the 
membrane was exposed in the phosphoimager cassette after being 
enveloped in plastic  film. The radioactive bands were detected with a 
phosphoimager Typhoon FLA 7000 (GE). 

Genome editing  
TALENs  
TALEs and TALENs plasmids were prepared using the Golden Gate TALEN 
and TAL Effector Kit 2.0. The kit was a gift from Daniel Voytas and Adam 
Bogdanove (Addgene kit #1000000024). To obtain different TALEs chimaera, 
we cloned the DNA binding domains into different final vectors. For TALENs 
we used as a final plasmid pCAGGS-TAL-NC2 (a present from Takashi 
Yamamoto - Addgene plasmid #43856).  

CRISPR/Cas9 
The CRISPRs vectors used in this work were obtained by insertion of oligos 
(Primers Table) into the backbone plasmid pX330. This plasmid is a gift form 
Feng Zhang (Addgene plasmid #42230). 

TALEs targets Sequence

MYC_LA1 CAACGTGAACTTCACC

MYC_LA2 GTACGGAGTCGTAGTCG

MYC_RA1 GAAAAGGACTTATTGA

MYC_RA2 TCGAGTTTGTGTTTCA

PARP1 TGCACAGGCGCAGTCGCG

LIG3 TAGGATCACTGCAATGAT
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Plasmids construction  
pAIDS3-ΔC: phAID-ΔC was digested with NheI/BsrgI to remove the hAID-ΔC
+IRES.  To amplify (1100 bp) we used GM84_hAIDS3_3F and GM83_IRES_R 
primers and the PCR product was digested NheI/BamHI. We obtained the 
mcherry cDNA by digestion of pMcherry vector with BamHI/BsrGI (700 bp). 
We assembled a ligation containing pBuerstedde-NheI/BsrGI, hAIDS3-ΔC
+IRES-NheI/BamHI and mCherry gene/BamHI/BsrGI. We transformed 
chemically competent DH5α with the ligation mix. 

LITE system plasmids: to construct the plasmid we removed the EGFP from 
pCIB1(deltaNLS)-pmEGFP (pCIB1_EGFP) and pLITE2.0_pAAV-EF1a-NLS-C2P-
NLS-VP64_2A_EGFP. We digested both plasmids respectively with AgeI/EcoRI 
and XbaI and EcoRI. The plasmid pLITE2.0 woGFP lacks for eukaryotic 
resistance cassette so we linearized the vectors through digestion with AgeI 
and we cloned the puromycin cassette which is removed from pBML4 
plasmid. 
To modify the LITE plasmid we amplified the cDNA of FokI with primers 
GM81_FokI_F/GM82_FokI_R and the band was purified and cloned, 
obtaining pLITE2.0-FokIwoVP64-EGFP. We inserted a puromycin cassette and 
we transfected the cells.   

Ecdysone-Inducible: we constructed a vector in which the expression of Cas9 
is under the control of heat shock (HS) promoter, followed by IRES and 
reporter gene; HS is bind by ponasterone A that triggers the expression. 
To do this we use several PCR reaction to amply the DNA fragment of interest. 
HS promoter and Neo/Kan resistance were obtained through a PCR 
respectively with GM_102 / GM_103 and GM_108/GM_109 primers that uses 
as template pIND vector. To monitor the induced expression we planned to 
clone report gene blue-fluorescent protein (BFP) obtained through PCR on 
pHR-SFFV-dCas9-BFP-KRAB plasmid with GM_106 and GM_107 primers; the 
IRES sequence was amplified from pBuerstedde vector with GM_104 and 
GM_105 primers.  
To be able to clone them in our backbone vector (pX330) the amplified 
products were digested in according with our strategy. pX330-Cas9 and HS 
promoter were digested with XbaI/AgeI and the vector pX330-HS-Cas9 was 
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linearized with NotI to clone the Neo/Kan resistance treated with the same 
restriction enzymes. We opened the new plasmid pX330-HS-Cas9—Neo/Kan  
through a digestion with EcoRI to clone the IRES sequence and the BFP gene 
both digested with EcoRI/NcoI.  

Knock-out of P53 in CH12-F3: This reporter vector was obtained through the 
insertion of annealed and phosphorylated oligonucleotides (41-42) into pBS-
CMV-mcherry-EGFP; subsequently we digested the plasmid with BsmBI 
enzyme to insert the CRISPR target. The inserted sgRNA, homologous to p53 
sequence, followed by an out-of-frame blasticidin cassette. If the CRISPR/
Cas9 system work correctly, the Cas9 can mutates the target sequence 
inserted in the region upstream the blasticidin gene; these lesions can be 
repaired and the frame of the resistant gene can be restored allows us the 
selection of clones in which the CRISPR/Cas9 system worked. 
The CRISPRs to target p53 loci on intron 4 were prepared as per protocol in 
the same way of CRISPRs used to introduce single nick on myc loci; the 
sequence are described in “Materials and Methods, section Primers”. 
CH12-F3 myc+/EGFP- were expanded and transfected with pX330-p53ko and 
pBS-CMV-mcherry-p53ctrl-BSR through electroporation; the cells were 
inoculated for 24 hours in CH12-F3 medium plus blasticidin antibiotics (30-50 
ng/ml). This passage permits to Cas9 to act on p53 locus and on reporter 
plasmid on which can restore the frame of blasticidin gene to confer the 
resistance phenotype. 
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Chapter III 
Results and Discussion 

The recurrent chromosomal translocation MYC/IgH, which can take place 
during CSR is a perfect model to study the factors involved in chromosomal 
alterations. To detect and analyze this translocation in samples of clonal origin 
(e.g. cancer tissue) the common techniques are Southern blot analysis or 
fluorescent in situ hybridization (FISH). These are techniques feasible only 
under the assumption that cells bearing the chromosomal translocation 
represent a sizeable portion of the sample. Of course, these techniques 
cannot be used to study the onset of chromosomal translocations. On the 
contrary, when studying the frequency of chromosomal translocations the 
most suitable approach is the Long Range PCR, which uses nested primers on 
the MYc gene and on the Switch regions of  the IgH locus to amplify the DNA 
fragments deriving from the translocation. Using these technique with 
samples at different dilutions, it is possible to infer the translocation 
frequency. Nonetheless, the method is rather expensive, due the high 
number of PCR reaction with long range polymerase to be performed. 
Moreover, being based on extracted DNA, it is not possible to go back or to 
dissect the original cell/genome where the translocation has been found. 
During my PhD we developed a system to allow us the study other factors 
involved in the chromosomal translocation MYC/IgH in a more effective way. 
Namely, we wanted to make the onset of the MYC/IgH translocation in single 
cells visible by FACS analysis, eventually coupled with Cell Sorting. 

We chose the mice lymphoma cell line (CH12-F3) as the basis for our system. 
CSR can be readily induced in this cell line using a mix of cytokines and 
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stimulation of CD40 signaling. After induction of CSR the switch from surface 
IgM to surface IgM is readily analyzed by FACS analysis. 
To this aim we planned to replace one of the two alleles of the MYC gene with 
an out-of-frame Enhanced Green Fluorescent Protein (EGFP). The frame of the 
reporter gene could be restored only in cells bearing the chromosomal 
translocation, with the result that the fluorescence can be detected by FACS 
analysis.  
The development of this system could allow us to study new factors involved 
in the onset of chromosome translocations. We could use this system to prove 
the role of specific genes, or we could use it to screen libraries to identify 
novel factors involved in their onset. 

Designing a vector for Knock-in CH12-F3 

The designing of the targeting construct is crucial for the engineering of our 
tool (Figure 3.1). The vector for the knock-in (KI) to produce a CH12-F3 cell 
line CH12-F3-myc+/EGFP is composed by three main components:  

- the backbone of the plasmid 
- the 5’ and 3’ homology arms 
- the cassette to be inserted at the location of the intended knock-in. 

We used the plasmid pBS-SK(+) as backbone for the targeting construct, an 
often used plasmid.  
The position of the homology arms depends on the region we aim to target in 
the MYC gene. Most common breakpoints in MYC/IgH translocations occur 
within intron 1. We therefore planned to insert the cassette to replace exon 2 
and exon 3 of MYC, which encode for most of the MYC cds, downstream to 
the breakpoint cluster. 
The homology arms were designed on the sequence of murine MYC gene, 
flanking the region encompassing the end of exon 1 until the end of exon 3. 
We aimed to replace one allele of MYC gene with an out-of-frame EGFP 
downstream the breakpoints cluster regions on intron 1 of the gene. 
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Moreover, in designing the targeting of the MYC locus, we had to take in 
consideration also the transcription and translational features of the MYC 
gene. Contrarily to the human MYC, the start codon of the murine MYC cds is 
a CTG codon {Dang, 1999} located at the end of the first exon. That meant 
that - in order to avoid expression of the EGFP transgene in non-translocated 
cells, the end of the first exon in the MYC gene had to be modified as well 
(Figure 3.2). We therefore planned to insert a frameshift downstream to the 
start CTG to make unlikely the synthesis of the EGFP while located in the 
original knock-in location. To make sure that the ATG start site on the GFP cds 
could not be used we further created another ATG upstream to the frameshift, 
so that - if the CTG codon had failed, our extra ATG could serve our purpose. 
In our plan only translocation of the second exon of the MYC gene near the 
intronic enhancer of the IgH locus could trigger transcription of a translatable 
EGFP cds.  

With regards to the cassette to be knocked-in, we used an EGFP cds, placed 
right after the exon 2 splice junction. A blasticidin resistance cassette (BSR-
cassette) was placed after the stop codon of the GFP cassette. This cassette, 
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Figure 3.1 - Targeting strategy to knock-in an EGFP cds in place of one of the two alleles of 
MYC. A) Representation of the murine MYC gene; the boxes 1, 2 and 3 indicate the exomes 
(orange boxes indicate the coding sequence). B) Schematic representation of the vector for 
the Knock-in. The homologies arms are indicated in blue and are interspersed with out of 
frame GFP and blasticidin cassette. C) Representation of successful knock-in, in which  our 
construct replaces the entire cds of MYC gene. 
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to be used for the selection of the stably transfected clones, is flanked by two 
lox sites in order to make it possible its ablation after selection of the targeted 
clones {Peitz, 2002}. 
After excision of the BSR cassette the GFP cds would perfectly replace the cds 
of the MYC included between the exon 2 and the stop codon in the exon 3. 

Building the Knock-in vector 

The order of the cloning was set to the insertion in the pBS of the 3’ 
homology arm (right arm, RA, 2239 bases) preceded by EGFP cds and the 
blasticidin resistance cassette (BSR-cassette). Last part is the insertion of 5’ 
homology arm (left arm, LA, 3286 bases) mutated at the end of the exon 1. 

The designed arms were obtained through a nested PCR with a different set 
of oligonucleotides. 
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Figure 3.2 - Schematic representation of the frameshift. A) The primers used to introduce 
the frameshift (bold arrows) bind the MYC sequence at start codon B) frameshift sequence 
details; the red letters indicate the nucleotides that we introduce. The green CTG represent 
the WT starting codon. 

...AAGGCTGGATTTCCTTTGGGCGATGCGAAACCCCGGTAAGCACAGATCTGGT...

…AAGGCTGGATTTCCTTTGGGCGTTG__GAAACCCCGGTAAGCACAGATCTGGT…

CCTTTGGGCGATGCGAAACCCCGGTAAGCACAGAForward primer

frameshift

Exon 1 MYC gene Intron 1

WT

B
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The Right Arm was obtained by amplification through, mycRAnf/mycRAnr and  
mycRAf/mycRAr primers. The obtained band was purified and digested NheI/
NotI.  
We linearized the pBS—SK(+) with NheI/NotI, two restriction enzymes that 
recognize sites downstream the BSR-cassette, and we cloned the RA fragment 
into the plasmid. 
The 5’ homology arm, which includes the end of exon 1 to be mutated  was 
amplified by stitching together two DNA fragments obtained by PCR. After 
evaluation of the site in which introduce the two points mutation to induce the 
frameshift, we divided the left arm sequence in two part: left arm 1 (LA1) and 
left arm 2 (LA2). 
We amplified both DNA fragments using a nested PCR, with a first PCR 
amplification using external primers (mycLA1nf/mycLA1nr and mycLA2nf/
mycLA2nr), followed by another one with a pair of internal oligonucleotides. 
We joined them through another PCR reaction in which the first 10 cycles 
were run without primers to allow LA1 and LA2 to extend on each other 
through the complementary sequence represented by primers mycLA1r and 
mycLA2f. The last 20 cycles of the PCR program were run after addition of 
primers mycLA1f/mycLA2r. The band was purified and digested with NcoI for 
the cloning in the backbone vector. 
We digested the plasmids pTarget-MYC missing for left arm with NcoI to 
open the plasmid in the region immediately upstream of the coding 
sequence of EGFP gene to clone the LA. 

Transfection of the Knock-in construct and first screens 
The final plasmid pTarget-MYC was linearized with ApaI and transfected in 
CH12-F3 through electroporation. The cells were plated in RPMI medium with 
blasticidin (30 ng/ml) and after ~10 days we picked up the colonies grown.  
We extracted genomics DNA for each samples; we digested the DNA with 
KpnI an enzyme previously selected to obtain two possibles bands through 
Southern blot. The probe was obtained by PCR amplification from genomic 
DNA with mycprobeF/mycprobeR primers. 
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Overall we performed several transfections on CH12-F3 cells, and we 
screened by Southern blot ~500 clones, but we could not detect any targeted 
clones (Figure 3.3). 

TALEs and TALENs 
Due to the difficulty in obtaining the clones, and given the availability of novel 
tools for genome editing, we decided to use TALENs to improve our chances 
to obtain targeted clones. 
Transcription activator-like effectors (TALEs) are DNA binding proteins  
discovered in Xanthomonas, a plant pathogenic bacteria {Boch et al. 2009; 
Moscou and Bogdanove 2009}. TALEs recognize and bind specific promoters 
and trigger the transcription of downstream genes. Bacteria use TALEs to 
colonize plants through the induced-expression of specific genes to increase 
susceptibility of the host. The ability of TALEs to recognize and bind a specific 
DNA sequence is mediated by a modular motif. 
These modulars motif are composed by more the 30 tandem repeats and 
each repeat contains a sequence of 33 to 35 amino acid; the sequence is 
largely invariant with the exception of two amino acid in Repeat Variable 
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0 out of ~500 

Figure 3.3 - Souther blot. The 
resistant clones were expanded 
extract and digest genomic 
DNA. Samples were analyzed 
by Southern blot to reveal the 
positive band. The probe was 
designed to bind a sequence 
located in 5’ region respect to 
left arm homology sequence 
(red). No positive clones have 
been detected.
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Diresidue (RVD). RVDs play a key role in recognition of the target sequence as 
each of them recognize a specific single DNA base (NI=A, HD=C, NN=G, and 
NG=T). The characteristic allows researchers to build and customize modular 
domain specific for almost any DNA sequence of interest. 
Transcription activator-like effector nucleases (TALENs) are customizable 
specific molecular DNA scissors composed by a modular domain of TALEs 
fused directly with the active domain of FokI, a nuclease able to cleave double 
strand DNA upon dimerization {Zu, 2013; Chen 2013} (Figure 3.4). 

To increase the homologous recombination for the knock-in, we assembled 
two pairs of TALENs respectively TAL1-LA / TAL2-LA and TAL3-RA / TAL4-RA 
able to bind and induce breaks at the LA and RA homology sequence of the 
myc gene.  
We transfected both pairs of TALENs (pTAL1-LA / pTAL2-LA and pTAL3-RA / 
pTAL4-RA) together with the targeting construct pTarget-MYC in CH12-F3 
cells. We obtained 36 selected colonies, and Southern blot analysis revealed 
that 6 out of 36 clones could be contain the cassette targeted into the myc 
locus (Figure 3.5).  
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Figure 3.4 - The schematic represents the TALEN system. A) the tandem repeat binds 
specific DNA sequence (in green).B) TALEs fuses N-terminally with the FokI (red box). 
Two subunits of FokI nuclease can dimerize and cut double strand DNA . Modified from 
{Zu, 2013}.
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We expanded the clones and, after genomic DNA extraction, we performed 
PCR analysis using a pair of primers (mycLAf/EGFP2R) designed to recognize 
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Figure 3.6 - PCR screening. 
PCR was performed on the 
6 p o s i t i v e c l o n e s f o r 
Southern blot. Primers were 
designed to ampli fy a 
fragment of 3.2 kb that 
i n d i c at e s t h e p o s i t i v e 
samples for the knock-in 
(lines 1, 3 and 6). The DNA 
fragment was sequence 
verified, and two clones 
obtained bore the expected 
sequence.

Figure 3.5 - Southern blot membrane. The resistant clones were expanded extract and 
digest genomic DNA. Samples were analyzed by Southern blot to reveal the positive 
band. The probe was designed to bind a sequence located in 5’ region respect to left arm 
homology sequence (red). In position 3 we detected the positive band (6.7 kb) which 
reveals the presence of successful knock-in.
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a region upstream to the LA homology sequence and the EGFP (Figure 3.6). 
We cloned the amplified bands into pCR-BluntII TOPO for sequence analysis. 
The sequence results confirmed the presence of two positive clones CH12-F3 
myc+/EGFP and one negative, in which the sequence was mutated. CH12-F3myc

+/EGFP clones were stored at -80ºC. 

We treated the cells with TAT-Cre recombinase to remove the BSR-cassette 
from the genome, and we selected clones in which the resistance was lost. 

Visualizing MYC/IgH translocation 

The next crucial step in my work was to prove that the CH12-F3 myc+/EGFP 
could be used to visualize MYC/IgH chromosomal translocations, and thus 
validate the system.  
The MYC/IgH translocation frequency is 2 x 10-4 in normal murine B-cells 
{Sernandez, 2008}, and 1 x 106 in CH12-F3 {Boboila, 2011}, which could prove 
difficult to assess by FACS. On the other hands a number of factors had been 
shown to increase translocation frequency {Wray J, 2003; Ramiro, 2006}. We 
therefore set to assay the cells under different conditions that might increase 
the frequency of chromosomal translocations. 

Expression of AID mutants to increase the translocation 
frequency 

The C-terminal domain of AID bears a NES which prevents its accumulation in 
the nucleus {Ito, 2004}. This region contains also features that are necessary 
for CSR. Thus, an AID mutant with a mutated NES cannot complement AID 
deficient B cells with respects to CSR {Sabouri, 2014}. Beyond hindering the 
CSR, the expression of a mutant of AID lacking its C-terminal region (hAID-
ΔC) increases the frequency of MYC/IgH translocation in CH12-F3 up to 12 
per 1.5 x 106 respect to 1 per 1.5 x 106 {Doi, 2009}.  
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We thus transfected CH12-F3 myc+/EGFP cells with the plasmid phAID-ΔC and 
we plated them in selection medium. Despite several transfection attempts 
only few colonies could be picked after ~2 weeks and expanded. The low 
number of the resistant colonies could be justified by the chronic genotoxic 
damage induced by this AID upmutant. The expanded clones were 
stimulated to induce CSR, as it had been shown that this would increase the 
translocation frequency. We analyzed the cells by FACS but we did not 
observe any GFP(+) cell even if the percentage of the switched cells was 
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Figure 3.7 - FACS analysis of stimulated CH12-F3 myc+/EGFP. The vector pBuerstedde-
hAIDdeltaLastExon was transfected in CH12-F3 myc+/-EGFP. Resistant cells were stimulated 
for 48 hours with TGF-β, IL-4 and anti-CD40 antibody. Subsequently the cells were stained 
with Anti-mouse IgA-RPE and analyzed by FACS.
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correct (25 - 50%) (Figure 3.7). Yet, further analysis of the clones showed that 
none of them expressed the mutant AID, suggesting that its expression was 
shut during selection of the cells. 

Hyperactive AID 
Previous mutagenic studies showed that phosphorylation of serine 3 in the 
amino terminal part of AID reduces both CSR and onset of MYC/IgH 
translocation {Gazumyan, 2010}; the substitution of Serine3 with an Alanine 
prevents phosphorylation increasing the mutagenic activity of AID. 
We thus modified the mutant hAID-ΔC introducing two single point mutations 
on the third codon to replace the serine with alanine; in addition we inserted 
a reporter gene in our plasmid to monitor the expression of the hAID-ΔC. To 
this aim we used an IRES sequence to drive the translation of a second coding 
sequence downstream to that of the AID mutant {Jang, 1988; Pelletier, 1988}.  
We designed the plasmid to carry the modified mutant of AID flanked by an 
IRES sequence and by an mCherry reporter gene (pAIDS3-ΔC). 

We linearized the plasmid pAIDS3-ΔC with EcoRI and we transfected CH12-
F3 myc+/EGFP-cells. The selected clones expressing hAIDS3-ΔC were 
stimulated to triggers the CSR and after 48 hours we analyzed the cells by 
FACS to detect translocated cells. Despite the successful induction of Class 
Switching, the FACS did not reveal any RED or GFP(+) cells. 

Caffeine treatment to promote translocation 
Previous work focused in understanding which factors are involved in DNA 
repair systems during the cell cycle demonstrated that cells treated with 
caffeine presented an increase in DNA lesions, including chromosomal 
translocation.  
Caffeine directly inhibits Ataxia telangiectasia mutated (ATM), a serine/
threonine protein kinase activated by DBSs. Caffeine triggers the DNA 
damage checkpoint through phosphorylation of several proteins involved in 
the repair process {Blasina, 1999}.  
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Caffeine-ATM inhibition represses the homologous recombination (HR) 
pathway {Zelensky, 2013} through inhibition with p53. Studies demonstrated 
that activated mice B-cells lacking for p53 gene showed an increase in the 
MYC/IgH translocation frequency with respect to the wild type {Ramiro; 2006}. 
We thus treated CH12-F3 myc+/EGFP cells with both the stimulation cocktail  

and caffeine 2.5 mM for 48 hours. After expansion of the cells for two weeks, 
FACS analysis showed the presence of GFP(+) cells only in the cells in which 
CSR had been induced together with caffeine treatment. (Figure 3.8). 

This experiment suggests that our approach works. Yet, the frequency of 
chromosomal translocations is still lower than that reported {Boboila, 2011}, 
probably due to the crudeness of the caffeine treatment which does not 
specifically impinge on the specific pathway that leads to MYC/IgH 
chromosomal translocations. We thus planned to set a proof of principle 
using an artificial system through which DSBs could be induced at the MYC 
intron. To this aim we used the recently discovered CRISPR/Cas system. 
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Figure 3.8- Flow cytometric analysis of stimulated and treated cells. A) The first plot 
represents the CH12-F3 myc+/EGFP untreated; B) Cells treated with caffeine; C) Cells treated 
with caffeine and stimulation mix. 
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CRISPR-Cas system 
The CRISPRs-Cas system can be defined as an immune pathway in prokaryotic 
organisms which provides the means to recognize and destroy foreign DNA 
elements such as phages, virus and plasmids. Functionally similar to memory 
B-cells, CRISPRs provide the cells a heritable information of past infections 
allowing them to increase their response in case of a second infection. 
Clustered regularly interspaced short palindromic repeats (CRISPRs) are DNA 
partially palindromic repeats interspersed with unique short DNA segments. 
These peculiar repeat elements of 24-50 bp have been described, using a 
bioinformatic approach, in different kind of bacteria and archaea, and are 
easily distinguishable in very distant phylogenetic groups {Mojica, 2000}. On 
the other hand, the origin “DNA spacer” between repeated motives arise 
from foreign genetic elements. Studies performed in bacteria revealed how 
sensibility to phage infection is strictly correlated to the number of 
extrachromosomal spacers on the CRISPRs locus and that the spacer 
elements showed a strong homology with phage genome suggesting that 
they arise from previous infections and provide cell immunity against further 
infections {Bolotin, 2005; Mojica, 2005; Pourcel, 2005}. 
Genome sequencing of different bacteria strains identified the presence of 
four CRISPR-associated genes (cas), designed Cas1 to Cas4, adjacent to 
CRISPR loci suggesting a functional relation with the repeated sequence as 
operon {Jansen, 2002}. Different Cas protein families were discovered in 
multiple prokaryotic species {Haft, 2005} and their functions ranging from 
helicase to nuclease.  
The CRISPR/Cas “immune” system is divided in three stages: adaptation, 
CRISPR expression, and “immunity”. The Adaptation involves the acquisition 
and integration of DNA spacers that correspond to the “protospacer”, the 
original sequence from virus, phage or plasmids genome. These sequences 
are flanked by the PAM (protospacer adjacent motif), a conserved short 
sequence at 3’ end (5’-NGG) that represents the recognition motif for the 
endonuclease factor in the system. In the second stage the bacteria transcribe 
the CRISPR loci; the single-guide-RNA (sgRNA) is processed from the CRISPR 
and specifically recognizes other DNA complementary to its sequence. 
During the “immunity” phase, the formed hybrid sgRNA-DNA flanked by the 
PAM is recognized by Cas9, an RNA-guided DNA endonuclease enzyme able 
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to cut DNA by introducing single nicks on both strands of the sequence 
adjacent to the PAM. 
The ability of Cas9 to recognize a specific RNA-DNA sequence composed by 
N20-NGG allowed scientists to develop a new specific customizable gene 
editing system based on CRISPR/Cas9 system. 

We thus designed sgRNAs for CRISPR/Cas9 system able to recognize and 
bind the intron 1 on both strand of Myc gene to introduce a double-nick that 
may promote the break of double strand; we cloned the sgRNAs for MYC 
gene into the pX330 as per protocol) we performed a transient transfection in 
CH12-F3 myc+/EGFP cells. After 48 hours we controlled the cells by FACS but 
we could not ever obtain a transfection efficiency higher than 2%. This means 
that even a translocation frequency of 1 in 100 could not have been detected. 

Inducible promoters 
We next tried to use inducible systems to drive the expression of either 
mutants of AID or the CRISPR/Cas9 system. To this aim we have constructed 
expression constructs based on either the Tet-on system or the Ecdysone-
Inducible one. 
To this aim we have built expression vectors to test the expression in CH12-F3 
cells. Unfortunately, we found that induction of the Tet-on construct with 
Doxycycline led to cell death in CH12-F3 cells. On the other hand induction 
with Ponasterone-A to trigger transcription of the Ecdysone-Inducible 
constructs did not succeed in our cell line. 
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Work in Progress 

LITE system 
Another attempt we made to induce expression in CH12-F3 cells was based 
on the LITE inducible system, which - being based on blue light exposure - is 
not invasive or harmful to the cell {Konermann and Brigham, 2013}. 
Characterized few years ago, the interaction of plant and microbial-derived 
light-sensitive proteins (from Arabidopsis thaliana) CIB1 and cryptochrome 2 
(CRY2) is induced by blue-light (466 nm). 
The modified system we tried to employ is based on chimeras fused with 
either CIB1 or CRY2. These were engineered to contain customizable TALE 
DNA-binding domain to become an optogenetic inducer. TALE-CRY2 protein 
binds the upstream region of targeted gene; CIB1 is fused with VP64 domain 
able to recruit the transcription complex. In presence of blue-light CRY2 
becomes active and can interact with CIB1 carrying the VP64 domain to 
trigger transcription {Konermann and Brigham, 2013} (Figure 3.9).  
We tried to use this system to induce the transcription of genes involved in a-
NHEJ pathway, linked to chromosomal translocation formation. Exploiting the 
induction of the expression by blue light in combination with the stimulation 
to promote CSR an increase in the translocation frequency might have been 
observed in CH12-F3 myc+/EGFPr expressing constitutively CIB1 and CRY2.  
We decided to induce the transcription of PARP1 and LIG3 genes. Previous 
studies demonstrated the both PARP1 and LIG3 play a role in the a-NHEJ 
pathway, promoting the translocation {Paul, 2013; Mansour, 2010; Simsek, 
2011; Soni, 2014; Wray, 2013}. We thus built TALEs to recognize the promoter 
region of PARP1 and LIG3 and we cloned them into pCIB1. 
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We first transfected pLITE2.0woEGFP_PURO into CH12-F3 myc+/EGFP-and we 
obtained stable clones expressing the chimaera CRY2-VP64. 

We next transfected the plasmids encoding the TALEs targeted at PARP1 and 
LiG3 (pCIB1_woEGFP_TAL_LIG3 and pCIB1_woEGFP_TAL_PARP1) in CH12-
F3 myc+/EGFP-CRY2-VP64 cells. 
We obtained clones expressing the TALEs, but we are still setting up the light 
system to induce the interaction. 

In parallel we prepared plasmids combining the LITE system with the FokI 
nuclease. Such combination should allow us to target the induction of DSBs at 
will to the selected locus. To do this we replaced the transcription-activator 
VP64-EGFP with FokI gene; as TALEs we used the same couple designed for 
the knock-in; so as to bind the intron 1 of MYC gene which contains the 
cluster region. 
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Figure 3.9 - Schematic of the LITE system. TALE module binds target sequence (green) and 
locates the CIB1 (purple) upstream the transcription start site. B) Light stimulation (466 nm) 
induces dimerization of CRY2 and CIB1 that leads to activator VP64 to recruiting the 
transcription factor complex, triggering the transcription of the targeted gene.  
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CRISPR KNOCK-OUT P53 in CH12-F3 myc+/EGFP 

Chromosome translocations occurring in B-cells involving immunoglobulin 
Switch regions are triggered by AID during the Class Switch Recombination 
process {Muramatsu, 2000; Petersen-Mahrt 2002}. The abasic sites generated 
by UNG that removes uracil from DNA, are processed to double strand break 
{Rada, 2002; Schrader, 2005}. The repair systems that mediate the aberrant 
joining of IgH and non-Ig genes, is different from intrachromosomal repair 
pathways during Class Switch Recombination that requires histone H2AX 
{Petersen, 2001}, p53 binding protein 1 (53BP1) {Manis, 2004; Ward, 2004} or 
non-homologous end-joining protein Ku80 {Casellas, 1998}. Moreover tumor 
suppressors, as ATM, Nbs1, p19 and p53, activated by DNA damage and 
oncogenic stress during the physiological switching, inhibit the translocation, 
protecting the cell healthy. 
Previous works showed how mice knock-out for one allele of the p53 gene 
display an increased translocations frequency of MYC/IgH in B-cells {Ramiro, 
2006}. 

We thus prepared the CRISPR/Cas9 to target the exon 4 of the murine p53 
gene; the second one is a reporter plasmid able to control the specificity and 
activity of CRISPR/Cas9 system. We are currently performing the transfection 
of the constructs in CH12-F3 cells. 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Conclusions 
We think that the model that we are developing to study the onset of 
translocation MYC/IgH could be an interesting approach to clarify how these 
genetic alteration occur. Once properly set up, it will allow us to get insights 
on the relation between antigen-driven antibody diversification processes 
and the onset of cancer-inducing chromosomal translocations. While we were 
able to observe the rise of events in our cells engineered to visualize the 
MYC/IgH translocation, we could not observe the same frequency observed 
in previous studies. We are currently working at setting up the system to 
obtain a higher number of events. 
Considering the problem we faced to set up the assay, we have prepared a 
new targeting construct in which there is a puromycin resistance cds fused to 
the EGFP one. This will allow us to select the cells in which the translocation 
has occurred by antibiotic. 
We could use the assay to screen for novel factors involved in the generation 
of chromosomal translocations. To this aim we would transduce the myc/GFP 
cell line with (i) expression libraries to identify genes that promote 
chromosomal translocations, or (ii) CRISPR libraries to identify genes that 
protect against their onset. Once the cells are transduced with these libraries 
and CSR is induced, we will sort/select the ensuing fluorescent cells in which 
the translocation has taken place. After expansion of the cells, we will amplify 
the construct that had been transduced in order to identify the gene/shRNA 
in it. Transduction of the identified gene/Ablation of the gene will be used to 
confirm its ability to trigger chromosomal translocations.  
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Splice variants of Activation Induced Deaminase (AID) do not 
affect the efficiency of Class Switch Recombination in murine 
CH12-F3 cells 

Introduction 

Activation Induced Deaminase (AID) is the DNA editing enzyme that triggers 
the secondary immune diversification process in activated B cells. {Muramatsu 
,2000; Petersen-Mahrt 2002; Neuberger 2008}. Whereas AID action is 
physiologically exerted on the immunoglobulin locus, AID dependent 
damage can induce mutations and chromosomal translocations in a cohort of 
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Figure 3.11 - Expression of the AID 
variants in HEK293T cells  Western 
blot analysis of HEK293T cel ls 
transiently transfected with the various 
constructs (AID-FL, AID-∆E4, AID-ivs3, 
AIDE58A). Equal amounts of protein 
lysates (30 μg) were loaded on SDS-
PAGE. ß-actin was used as a loading 
control. The arrows indicate the 
expected molecular weight of the AID 
isoforms. The asterisk indicates an 
unspecific band.

Figure 3.10 - Schematic representation of the splice variants of AID  The exonic structure of the splice isoforms is 
shown. The position of functional features of the full-length AID (AID-FL) is indicated: the catalytic domain, the 
cytoplasmic retention signal (CRS) and the nuclear export signal (NES). The coding sequence appears in grey and 
the retained intron 3 is indicated (AID-ivs3) by the angle-striped pattern. The asterisks indicate the AID isoforms 
tested in the study.
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other loci {Pasqualucci, 2001; Kotani 2007; Okazaki 2007} as well as from 
experimental systems {Liu, 2008; Ramiro, 2004; Wang, 2004; Parsa, 2007; 
Dorsett, 2007; Robbiani, 2008; Robbiani, 2013}. Expression of AID has been 
found in a number of B cell tumors {Albesiano, 2003; Greeve, 2003; Oppezzo, 
2003; McCarthy, 2003; Babbage, 2004; Heintel, 2004; Forconi, 2004; Wu, 
2008; Marantidou, 2010; Palacios, 2010}. Together with the full-length form of 
AID, other splice transcripts have been identified in B cell tumors, initially, and 
then in normal B cells {Noguch,i 2001; Albesiano, 2003; Greeve, 2003; 
Oppezzo, 2003; McCarthy, 2003; Babbage, 2004; Heintel, 2004; Forconi, 
2004; Wu, 2008; Iacobucci, 2010; Marantidou, 2010}. Indeed, the presence of 
the various splice variants has been inversely correlated to the mutational 
status of immunoglobulins in B-cell chronic lymphocytic leukemia {Albesiano, 
2003; McCarthy, 2003; Oppezzo, 2003; Babbage, 2004; Marantidou, 2010}. 
This has opened the possibility that at least some of these splice variants 
might be part of the regulatory network of AID. 
While initially deemed as catalytically active {Wu, 2008}, subsequent reports 
clarified that AID splice variants are neither able to support deamination of 
DNA nor to trigger antibody diversification on their own {van Maldegem, 
2009; van Maldegem, 2010}. Yet, even an inactive isoform could play a role in 
the regulation of AID: interaction with the catalytically active AID itself or with 
other molecules in its pathway could modify the physiologic activity of AID. In 
order to clarify this point we have thus tested the ability of some of these 
splice isoforms to affect the efficiency of Class Switch Recombination (CSR) in 
CH12-F3 cells, a murine lymphoma cellular model in which the efficiency of 
CSR can be assessed {Nakamura, 1996}. 

Results and Discussion 

We cloned two of the splice isoforms of AID (AID-ivs3 and AID-∆E4) that 
encode for truncated forms of AID in which either the fourth exon is skipped 
or the fourth intron is retained (Figure 3.10). In either case such alternative 
splicing results in the lack of the C-terminal 57 amino acids of the catalytically 
active AID. These isoforms lack both the Nuclear Export Signal, necessary for 
an efficient CSR, and a cytoplasmic retention signal {Ta, 2003; Ito, 2004; 
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Figure 3.13. Expression of the AID variants in HEK293T cells  
Quantitative real-time PCR showing the expression levels of endogenous (murine) and exogenous (human) AID 
from representative clones of CH12-F3 cells stably transfected with the constructs for AID-FL, AID-∆E4, AID-ivs3, 
AIDE58A, or from control cells. Basal expression levels (gray) are compared to those in stimulated cells (dark 
columns). 

Figure 3.12 - Rifampicin assay 
using the various AID isoforms. 
Only the revertants resistant to 
rifampicin can grow. While AID 
induces a mutator phenotype 
(P<10-3 by Dunn’s mult iple 
comparison test), the tested splice 
v a r i a n t s d i s p l a y l e v e l s o f 
revertants similar to the negative 
control (empty plasmid). The 
mutation rate is calculated after 
normalization with Ampicillin 
resistant viable colonies. The 
median value is indicated.
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Figure 3.14 - AID variants do not affect Class Switch Recombination in CH12-F3 cells 
 (A) FACS profiles of representative CH12-F3 clones stably expressing AID-FL, AID-ivs3, AID-∆E4 AIDE58A, or an 
EGFP negative control. Cells were induced for CSR and assayed by FACS after 72 hr. The numbers in the upper-
right quadrants indicate the percentage of cells within the scatter window that are sIgA(+)/EGFP(+). (B) Each 
datapoint in the plot represents the percentage of sIgA(+)/EGFP(+) cells in an independent clone expressing the 
various constructs. While there is an increase in the efficiency of the CSR in the clones transfected with full-length 
AID, none of the samples reaches statistically significance (one-way ANOVA coupled with Tukey’s test). The median 
level of CSR is indicated. (C) CSR analysis of cells transiently transfected with the constructs encoding for AID FL, 
AID-∆E4 and AID-ivs3, AID-E58A, and a plasmid containing only the EGFP negative control. The analysis was 
performed on the bulk of transfected cells after 48 hours of selection with puromycin and 72 hours after induction 
with the stimulation cocktail. Transfected EGFP(+) cells represented ~2% of the total population. The only sample 
affecting the CSR is the one expressing the full-length AID (one-way ANOVA coupled with Tukey’s test, P=0.0004). 
The histograms represent the mean of four different experiments and the standard error is shown.
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McBride, 2004; Brar, 2004; Patenaude, 2009}. After cloning these splice 
variants in bacterial expression vectors (Figure 3.11), we tested their ability to 
induce a mutator phenotype in bacteria in the rifampicin-resistance reversion 
assay {Petersen-Mahrt, 2002}. The inability of the splice variants of AID to 
induce an increased level of revertants suggests that they are catalytically 
inactive, as suggested by the previous in vitro analyses {van Maldegem, 2009; 
van Maldegem, 2010} (Figure 3.12).  

In order to assess the  effects of these splice variants on Class Switch 
Recombination, we cloned them in a mammalian expression vector and we 
tested them in HEK293T cells. Compared to the full-length AID, the AID-∆E4 
variant consistently appeared expressed at lower levels, whereas the AID-ivs3 
variant, which differs in its C-terminus from AID-∆E4, was expressed at slightly 
higher levels (Figure 3.11). This result is compatible with the increased 
instability of the splice variants observed by Rebhandl et al. {Rebhandl,, 2014}. 
We next transfected all the mammalian expression constructs in CH12-F3 
cells, and we have selected clones expressing them by puromycin-selection 
and expression of the EGFP reporter. Quantitative real-time PCR of 
transfected CH12-F3 cells before and after induction with TGF-ß, IL-4 and 
CD40 stimulation suggests that expression of the exogenous AID variants, at 
least at the transcriptional level, matches that of endogenous AID in 
stimulated cells (Figure 3.13). Due to technical limitations, it is not possible to 
assess AID protein levels in CH12-F3 cells, but it is reasonable to assume that 
protein levels of AID splice variants should be proportional to those observed 
in HEK293T cells and they might be preferentially degraded through the 
proteasome {Rebhandl, 2014}. On the other hand, it must be taken into 
account that – contrarily to full-length AID – the splice variants are 
predominantly nuclear {van Maldegem, 2009}. The probable stoichiometric 
ratio between wild-type and splice variant would not support a direct 
interaction between the isoforms. Nonetheless, even though steady-state 
levels of the splice variants could be lower than those of endogenous AID in 
stimulated CH12-F3 cells, it could still be possible that the splice variants 
could interfere with the physiological activity of AID through the catabolic 
pathway. 
To test whether any of these constructs could modulate the activity of the 
induced endogenous AID, we have induced CSR in the selected clones with 

                                       �                                                                                                                                  72



                                                                                                            Chapter III - Result and Discussion

TGF-ß, IL-4 and CD40 stimulation. Cells were assayed 72 hours after 
stimulation, a time-point that usually provides high levels of CSR (~50%). 
Indeed, only overexpression of the full-length AID elicited a slight increase 
(not statistically significant) in the efficiency of CSR. All other constructs 
showed levels of CSR very similar to those of the controls (Figure 3.12 - 3.13). 
Similar results were obtained analyzing the EGFP(+) population from 
transiently transfected CH12-F3 cells (Figure 3.14). Thus, our data suggest 
that overexpression of the catalytically inactive natural isoforms of AID is not 
able to modulate the activity of the endogenous AID, at least with regards to 
the Class Switch Recombination process. 

Conclusions 

A number of splice variants of AID have been identified in normal B cells and 
in lymphoproliferative diseases beyond the full-length one {Albesiano 2003; 
Greeve 2003; Oppezzo 2003; McCarthy 2003; Babbage 2004; Heintel 2004; 
Forconi 2004; Wu 2008; Marantidou 2010; Palacios 2010}, and their presence 
correlated to the prognosis of the disease {Albesiano 2003; McCarthy 2003; 
Oppezzo 2003; Babbage 2004; Marantidou 2010}. However, their functional 
significance is controversial {Wu 2008; van Maldegem 2009}. The absence of 
catalytic activity ({van Maldegem 2009}, our data) suggests that – if translated 
– their effect might be indirect, through their interplay with the pathways 
involved in the antigen-driven antibody diversification processes. Indeed, our 
results exclude that co-expression with endogenous AID substantially alters 
the efficiency of CSR (as opposed to the overexpression of full-length AID). 
Our results do not rule out the possibility that these alternatively spliced 
isoforms of AID could still play a role, either as transcripts or simply because 
their transcription competes with that of the full-length AID.  
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Appendices 
A - Oligonucleotides 

Oligonucleotides, were synthesized by the company PRIMM Biotech Services.
Name Sequence Enzyme(s) Purpose

mycLA1f aaaccatggaattcTGGGTTGGCAATTCACTCC
T

NcoI-EcoRI knock k-n

mycLA1nf AGGGGAAAGCTTGGGTTTGT knock k-n

mycLA1nr taaccggccgctacattcaa knock k-n

mycLA1r accggggtttcGcatcgcccaaaggaaatccagcc knock k-n

mycLA2f cctttgggcgatgCgaaaccccggtaagcacaga knock k-n

mycLA2nf attgcagcgggcagacactt knock k-n

mycLA2nr gtcgaggtcatagttcctgt knock k-n

mycLA2r aaagctagccatgggcatcgtcgtggctgtctg NheI-NcoI knock k-n

mycRAf aaagctagctcgaacagcttcgaaactc NheI knock k-n

mycRAnf ttttgccctgcgtgaccagat knock k-n

mycRAnr TTCACCCCTCATCGTGATTG knock k-n

mycRAnr aaattgcggccgcTGGCCGATGTCCTGTTTTC
A

NotI knock k-n

mycprobeF TAAACCGGGTAGCAGTGAGA Southern blot

mycprobeR AGGAGTGAATTGCCAACCCA Southern blot

GM80_CIB1_F GctagcCCTCTGCTAACCATGTTCATGCCT NheI

GM81_CIB1_R GctAGCTGGGATCTGATCAATTCCG NheI

GM81_FokI_F GctagcaCGGAATTGATCAGATCCCAGCT NheI

GM82_FokI_R ctatagTGCACCTGAGGAGTGAATTCCA EcoRV

GM83_IRES_R ggatccGGTATTATCGTGT
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GM_84_hAIDS3_3
F

AAAGCTAGCACCATGGACGccCTCTTGAT
G

GM99_cry2_F tgcagggagctcaaaatgga to check CRY2 
expression

GM100_cry2_R CGCGAGCCCAAATGATTTGCTT to check CRY2 
expression

GM102_HS_pr_F AAAtctagaCGCCGGAGTATA XbaI to amplify HS 
promote

GM103_HS_pr_R AAAaccggtTGAGTTCTTCTTT AgeI to amplify HS 
promote

GM104_IRES_F AAAgaattcggatccGGCGCATCCTT EcoRI-BamHI to amplify IRES

GM105_IRES_R aaaCTTGCTCACCATGGTATTAT NcoI to amplify IRES

GM106_BFP_F AAAccatggacATGCACATGAAGCTGT NcoI to amplify BFP

GM107_BFP_R AAAgaattcTTACTAGGGCTCTT EcoRI to amplify BFP

GM108_Kan_Neo_
F

AAAAgcggccgcGGTGTGGAAAGTCCC NotI to amplify Neo/Kan 
resistance

GM109_Kan_Neo_
R

AAAAgcggccgcACGGTATACAGA NotI to amplify Neo/Kan 
resistance

GM121_p53Crispr
F

caccgAGTGAAGCCCTCCGAGTGTC Knock-out of mouse 
TP53

GM122_p53Crispr
R

aaacGACACTCGGAGGGCTTCACTc Knock-out of mouse 
TP53

GM123_p53_BSR_
F

GTCGAGTGAAGCCCTCCGAGTGTCagg

GM124_p53_BSR_
R

CAGAcctGACACTCGGAGGGCTTCACT

GM125_dCas9F aaaGAGCTCGTGAAAGTGATGGG SacI to amplify half Cas9

GM126_dCas9R ctcgagaagcttggatccCCCGGGGAGCATGTC BamHI-HindIII to amplify half Cas9

GM127_KrabF ggatccaagcttctcgagATGGATGCTAAG BamHI-HindIII to amplify KRAB 
from 48237

GM128_KrabR AAAgagctcTTACTAGGGCTCTTCTCCCT SacI to amplify KRAB 
from 48237

GM129_p53_crispr
_kdF

caccgCCTGCTGAGGGCAACATCTC to downregulate p53 
in mouse

GM130_p53_crispr
_kdR

aaacGAGATGTTGCCCTCAGCAGGc to downregulate p53 
in mouse

GM131_mycCRISP
Rn0_F

caccgGTCCCCGCCTCCTTCGAGCA CRISPR nick

GM132_mycCRISP
Rn0_R

caaaTGCTCGAAGGAGGCGGGGACc CRISPR nick
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GM133_mycCRISP
Rn5_F

caccgAAGTCCCTGCTCGAAGGAGG CRISPR nick

GM134_mycCRISP
Rn5_R

caaaCCTCCTTCGAGCAGGGACTTc CRISPR nick

GM135_mycCRISP
Rn14_F

caccgGCTCGAAGGAGGCGGGGACT CRISPR nick

GM136_mycCRISP
Rn14_R

caaaAGTCCCCGCCTCCTTCGAGCc CRISPR nick

GM137_mycCRISP
Rn20_F

caccgGCGATTCCTGGGCGTCTGCA CRISPR nick

GM138_mycCRISP
Rn20_R

caaaTGCAGACGCCCAGGAATCGCc CRISPR nick

Manuscript Primers

AID_FpTrc99 AAAAAGCTTACCATGGACAGCCTCTTGAT
G

SnaBI to amplify and clone 
AID into pTrc99

AID_RpTrc99 TTCTCGAGTCAAAGTCCCAAAGTACGAAA
TG

XhoI to amplify and clone 
AID into pTrc99

AID_FpAID AAAGCTAGCACCATGGACAGCCTCTTGAT
G

BglII to amplify clone AID 
into pAID-expreass-
puro2

AID_RpAID AAAGCTAGCACCATGGACAGCCTCTTGAT
G

NheI to amplify clone AID 
into pAID-expreass-
puro2

AID_E58A_F CTGCCACGTGGCATTGCTCTTCCTCCGC to amplify AID_E58A

AID_E58A_R GGAAGAGCAATGCCACGTGGCAGCCGTT to amplify AID_E58A

murine AID_F CTCCTGCTCACTGGACTTCG Quantitative real-
time PCR (qPCR)

murine AID_R AGGCTGAGGTTAGGGTTCCA Quantitative real-
time PCR (qPCR)

human AID,_F CAGCCTCTTGATGAACCGGA Quantitative real-
time PCR (qPCR)

human AID,_R CGTGGCAGCCGTTCTTATTG Quantitative real-
time PCR (qPCR)

β-Actin_F GGCTCCTAGCACCATGAAG Quantitative real-
time PCR (qPCR)

β-Actin_R GAAAGGGTGTAAAACGCAGC Quantitative real-
time PCR (qPCR)
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B - Plasmids and vectors 

Plasmids and vectors used in this work 

Plasmid Feature(s) and usage Marker  (s) Source

pCR-BluntII TOPO
routine cloning of blunt 
PCR products

Kan Invitrogen

Zero Blunt TOPO
routine cloning of sticky 
PCR products

Amp / Kan Invitrogen

pBuerstedde
expression vector for 
eukaryotic cells 

pBS-SK(+)
expression vector for 
knock-in

pIND-EGFP
ponasterone inducible 
system

Amp

LITE 2.0_pAAV-EF1a-NLS-C2P-NLS-VP64_2A_EGFP
LITE inducible system Amp {Konermann and 

Brigham, 2013}

pCIB1(deltaNLS)-pmEGFP
LITE inducible system Kan {Konermann and 

Brigham, 2013}

pLITE2.0woVP64-EGFP/ FokI

pX330
CRISPR vector

pTrc99a
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